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Summary 
Surfactant molecules are capable of producing self-assemblies that 
possess properties distinctly different from those of the individual 
monomeric molecules prior to aggregation. Interest in research on self-
assemblies in solutions is increasing day-by-day. This is not only because 
of their wide variety of applications in industries, but also due to the 
development of new and more powerful experimental and theoretical tools 
for probing the microscopic behavior of these systems. 
A surfactant has two functional parts, namely, a hydrophilic (water 
soluble) or polar part, and a hydrophobic (oil soluble) or nonpolar part. 
They are amphiphilic, organic, or organometallic compounds. Depending 
upon the chemical structure of the hydrophilic portion, the surfactants 
may be classified as cationic, anionic, nonionic, or ampholytic 
(zwitterionic). Various organized structures are formed when surfactant 
molecules are dissolved in water depending upon the nature and 
concentration of surfactant molecules and the experimental conditions. A 
fundamental understanding of the physical chemistry of these molecules, 
their properties and phase behavior is essential for industrial chemists. 
If the concentration of a surfactant in water is increased gradually, at 
a specific concentratioijC) the solution properties abruptly change.^ This 
concentration is called critical micelle concentration (cmc). It has been 
established from theoretical considerations as well as experimental 
determinations that surfactant molecules begin to form aggregates, called 
micelles, when surfactant concentration is increased beyond the cmc. The 
force that drives this aggregation is entropic in origin and facilitates the 
release of 'structureo' water molecules. But while the hydrocarbon chains 
pack closer to minimize water contacts, the polar head groups of identical 
charge tend to stay away from each other as a result of electrostatic 
repulsion and extensive group hydration. The forces that hold surfactant 
molecules together in the micelles are not strong covalent or ionic 
interactions but are weaker interactions such as van der Waals, 
hydrophobic, hydrogen bonding, and screened electrostatic interactions. 
Interactions between amphiphiles within the aggregates and between the 
aggregates determine the equilibrium structures formed. 
The cmc depends upon the nature of the polar group, the surfactant 
counterion, the length and the structure of the hydrophobic chain, solvent 
polarity and type, temperature, pressure, and pH. 
At low surfactant concentrations, the micelles are usually spherical 
and the radius of the micelle is nearly equal to the length of the surfactant 
molecule. Upon increasing the concentration of surfactant, spherical 
micelles become cylindrical and subsequently the cylindrical structures 
become hexagonally packed. If concentration is further increased, the 
lamellar structures are formed. Further increase in concentration results in 
a hexagonal packing of water cylinders. Upon addition of oil and a short-
chain alcohol, one can convert such water cylinders into a water-in-oil 
microemulsion. The structures of these systems are well established from 
X-ray diffraction studies. It is possible to induce a transition from one 
structure to another by changing the physicochemical conditions such as 
temperature, pH, and addition of salts, etc. 
Information on the structural units that exist in surfactant solutions 
over the whole concentration range is important from both fundamental 
and practical points of view. At the fundamental level, it is important to 
relate the structure formed, such as spherical or rod shaped micelles and 
various liquid crystalline phases, to the molecular architecture of the 
surfactant. 
Simple geometric arguments are effective for predicting the miceilar 
structure. The so-called packing factor Rp( = "^^^^J^^ allows the prediction 
of the miceilar structure with three adjustable parameters, the optimum 
head group area (a^), volume of the surfactant monomer (v), and length of 
the surfactant molecule (/^). When R is less than 1/3, spherical micelles 
are favored and when 1/3 < Rp ^ 1/2 infinite rodlike micelles are 
preferred.^ The packing factor indicates that the formation of elongated 
micelles is promoted by lowering the head group area or by increasing the 
(volume)of the hydrocarbon chain. 
Addition of electrolyte or cosurfactant results in elongated micelle 
formation by reduction in a^ because of screening effect. Salicylate and 
thiocyanate counterions have been shown to be extremely effective at 
promoting the transition when coupled with alkyltrimethylammonium and 
alkylpyridinium cationic surfactants.^ '"* Addition of certain organic 
compounds also promotes the sphere to rod transition and the continued 
growth of the rods to an extent at which point some of the rods apparently 
revert back to spheres or convert to disks, as evidenced by viscosity 
measurements.^'^ 
The formation of micelles in an aqueous solution creates a local 
nonpolar environment within the aqueous phase. Oil soluble molecules 
such as dyes, pigm-^nts, or nonpolar oils can be dissolved within the 
micelles. The solubilization of such molecules in micelles is greater if 
they also possess polar groups. 
The solution viscosity responds to changes in both the structure of 
aggregates and their mutual interactions. In dilute solutions (where these 
interactions are minimized) the technique is sensitive to the shapes of 
particles in the solution. Transition from small to large micelles is 
accompanied by a significant increase in viscosity and appearance of 
anisotropic susceptibilities. The viscosity increase caused by short rod 
shaped micelles - with semi-major to semi-minor axis ratio smaller than 
about 4 - is not very different from that due to spherical micelles. 
Therefore, these short rods can hardly be detected in viscosity 
measurements.'^ Light scattering (LS), small-angle X-ray scattering 
(SAXS), small-angle neutron scattering (SANS), and fluorescence probing 
methods circumvent most of the problems just discussed and permit 
determinations of micelle aggregation number and also shapes under 
actual experimental conditions. Recent studies of microscopic aggregates 
by SANS coupled with the study of the macroscopic properties of the 
system (e.g., viscosity), highlight important links between the microscopic 
structures and bulk physical properties.^ SANS technique is more direct to 
determine aggregation numbers than many other techniques described in 
literature and is free of any choice of thermodynamic model. As reported, 
SANS measurements provide useful information pertaining to the micellar 
growth by organic additives in a noninvasive manner. 
From the literature survey it appears that the micellar growth in 
presence of salts is an established fact but with organic additives the 
situation is not similar whereas only scanty reports are available on 
micellar growth with salts and organic additives present simultaneously in 
a solution. The work described in the thesis deals with studies on 
structural transitions taking place in surfactant organized assemblies in 
presence of various additives (aliphatic/aromatic oils, alcohols, amines 
and salts). 
Chapter I is General Introduction wherein a detailed account of the 
behavior of surfactants, various phenomena exhibited by them, and the 
effect of additives are described. An up to date literature survey related to 
the work embodied in subsequent chapters is also included. 
Chapter II deals with the experimental details which have been 
followed in the study. Materials used, their purities, make, etc., are also 
given in a tabular form. 
Micellar growth phenomenon of sodium dodecyl sulfate (SDS) in 
CH3CH2CH2CH2CH2CH2CH2CH2CH2CH2CH2CH20S03-Na^ 
I hydrophobic 1 Lhydrophilic J 
SDS 
presence of quaternary ammonium bromides (R^NBr, R = CjHj, «-C3H7) 
has been studied at 30 °C by SANS (Chapter III). Aggregation 
number (n), effective charge per monomer (a), and semi-major to semi-
minor axis ratio (c/a) are computed. Hayter and Penfold type analysis has 
been used for data treatment. For 0.3 M SDS + 0.1 M R4NBr system, n 
value with R = CjHj is lower in comparison with R = H, CH3. The 
systematic decrease is due to the increase in hydrated size of the R4N'*' 
ions. Bigger size of the ion with R = CjH^ causes it to be less effective in 
reducing the steric constraints. Ion with R = W-C3H7 is essentially less 
hydrated and can easily approach the micelle. Further, it can also interact 
hydrophobically with the hydrocarbon chains at the micellar surface. For 
such type of counterions an effect on the electrostatic energy is also 
possible. The intercalation of such counterions may, therefore, decrease 
the electrostatic interactions in addition to increased hydrophobic 
interactions. Thus, a higher value of n is expected; and this has indeed 
been found with R = /1-C3H7. 
The above conclusion regarding dependence of n values on the 
counterion hydrated radii finds support by comparing the SANS results 
obtained with inorganic salts. The presence of quaternary salts in the 
system produces favorable conditions for micellar growth but lower 
members (up to R = CjHj) behave like simple inorganic counterions. 
Chapter IV describes the role of added amines in presence and 
absence of R4NBr (R = H, CH3, C2H5, n-C^H^, n-C^U^ or M-CJHJI). 
Without any salt, the viscosity remains almost constant up to certain 
[amine] and then increase occurs. Amines are found to be solubilized in 
SDS micelles by electrostatic and hydrophobic effects with amine groups 
left on the micellar surface.^ In presence of R^NBr (up to R = n-C^H^), 
the region of constant viscosity is fairly reduced. This is due to the fact 
that R^^'*' ions screen out negative charge of the SDS micelles and are 
responsible for larger micelles and higher viscosities. A peculiar behavior 
is observed with R > n-C^U^ : initially, with the increase in [amine], 
viscosity increases manifold; on further increase of [amine], a constancy 
and then a decrease in viscosity is observed. These ions have large 
hydrophobic volumes and some of the hydrocarbon chains may penetrate 
the micelle. This will result in micellar growth which is reflected in 
increased viscosity. As both the alkyl chains of salts and amine may be 
present at the same solubilization site (palisade layer), this site may get 
quickly saturated. On increasing the amine content, it could now be 
solubilized in exterior region of the micelle. This solubilization in the 
exterior region will not affect the micellar growth and hence viscosity will 
remain constant. This effect is much more pronounced when [Bu^NBr] 
was increased in 0.2 - 0.3 M concentration range. 
For comparison, the behavior with simple inorganic salts (LiBr, 
NaBr, KBr and RbBr) was also studied. These salts behave like lower 
R^NBr (up to R = w-CjH^). Most of the alkali metal counterions exist in 
the Gouy-Chapman layer and all added amine can go inside the palisade 
layer, therefore, viscosity increase takes place due to shape/size 
variations. The magnitude of viscosity increase is in the order Li"^  < Na"^  < 
K"^  < Rb^ However, addition of inorganic coions shows marginal effect 
on viscosity when amines are added in the system. 
An important outcome of the above results is our proposition of 
formation of an exterior hydrophobic region around a micelle, especially 
in presence of higher members of quaternary salts. In its support, 
experiments performed with alcohols («-heptanol, «-octanol) and 
hydrocarbons («-hexane, w-heptane, «-octane and toluene) are described in 
Chapter V. With heptane/toluene, the viscosity remains almost constant 
both in the absence and presence of lower members of R^NBr (0.1 M). 
The results are discussed in view of less pronounced effect of these salts 
on association structures as well as on solubilization sites and on 
solubilization content (at a particular site) of added organics. With R = «-
C4H9 or w-CjHjj (0.1 M), even initial viscosity becomes very high which 
may be due to the large hydrophobic volume of the ions that increases the 
packing factor, R^. With the addition of heptane, viscosity decreases as the 
grown (large) micelles present initially change to spherical. However, 
with toluene, viscosity increase continues up to the solubility limit. These 
results show that the solubilization sites for the above two additives are 
not the same. Addition of «-heptanol increases the viscosity with both 
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lower and higher members of R^NBr (0.1 M). Because of -OH group, n-
heptanol will prefer the head group region (palisade layer). This will 
increase both the aggregation number of SDS and viscosity. After 
saturating the palisade layer, solubilization of heptanol will be in the 
exterior of the micelle that will bring a constaricy region. 
As the concentration of («-C4H9)4NBr is increased, the r]^ pattern of 
0.3 M SDS + («-C4H9)4NBr system changes on addition of aliphatic 
hydrocarbons. Up to 0.1 M salt concentration, all the aliphatic 
hydrocarbons behave similarly which can be understood in the context of 
predominance of micellar interior solubilization (change of grown to 
swollen spherical micelles). At [salt] > 0.15 M, viscosity patterns start 
changing which also show dependence on alkyl chain length of the 
aliphatic hydrocarbon. With «-hexane, viscosity starts increasing at lower 
overall «-hexane content while, at higher [«-hexane], usual viscosity 
decrease is observed. The former effect is more pronounced at higher 
[salt] indicating «-hexane to be predominantly solubilized at the 
interfacial region and the viscosity increase gives a signature of further 
micellar growth. The effects observed with n-heptane and n-octane show 
that with increase in chain length of the aliphatic hydrocarbon, the 
preference for interfacial solubilization is depleted at constant [salt]. The 
overall T]^ VS. [toluene] patterns are similar to aliphatic hydrocarbon 
additions with the difference of complete disappearance of the viscosity 
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decreasing region at higher [toluene]. Because of slightly polar nature of 
toluene, predominant site of its solubilization seems to be around the 
interfacial region. In case of «-heptanol, viscosity rise takes place even 
without salt which is due to micellar growth which occurs by interfacial 
partitioning of «-heptanol.^^ Presence of the salt increases the viscosity due 
to synergistic effect.'^ Further addition of the salt shows a flattening in T]^  
vs. [n-heptanol] plots. Additionally, at [salt] = 0.3 M, practically no 
change in the overall viscosity was observed by the addition of n-
heptanol. This shows that the site of solubilization of «-heptanol is 
changed from the interfacial region. The nature of alcohol (presence of -
OH group) and higher salt content permit us to say that the site of alcohol 
solubilization is changed to micellar exterior. As discussed earlier, the 
exterior solubilization of an additive has no significant effect on the 
overall viscosity as well as on micellar growth. Similar viscosity trends 
are obtained with n-octanol with a difference in overall solubilization 
content, which is obviously due to higher hydrophobic volume and less 
polar liature of the alcohol. 
It is concluded that polarity of the whole micelle (particularly head 
group or interfacial region) can be tuned by-presence of few selected 
additives, e.g., salts, aromatic hydrocarbons, and amphiphilic molecules. 
There seems bigger advantage with R^NBr salts due to their ionic nature 
as well as higher hydrophobic volumes. In favorable situations (proper R-
12 
part and concentration), they can get solubilization sites of organic 
additives changed to interfacial region which otherwise are known to 
solubilize in the interior (core) of micelles. Further, this study modifies 
the existing two region model^ ^ by providing another hydrophobic region 
around the micelle (micelle exterior). 
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Chapter -1 
General Introduction 
Supramolecular aggregates and assemblies such as association 
colloids, vesicles, biological membranes, monolayers, proteins, DNA, 
polyelectrolytes, and ion-exchange resins all share an important structural 
feature, an interfacial region of moderate polarity juxtaposed to a highly 
polar aqueous region. ^ "^  Association colloids are dynamic aggregates of 
amphiphilic molecules which also have a substantial nonpolar region 
adjacent to the interfacial region composed of aggregated hydrocarbon 
chains. 
Nature has the ability to manipulate and control the structures of 
aggregates formed by simple amphiphilic molecules - surfactant 
monomers being one of them. The demand for materials with improved 
and novel properties has now changed the emphasis in surfactant research 
to study new phenomenon in fascinating world of surfactants with highly 
controlled molecular architectures.^'" 
An amphiphilic substance, when present at low concentration in a 
system, has the property of getting adsorbed onto the surfaces or 
interfaces of systems and of altering the surface free energies of those 
systems to a marked degree.'^'^ Due to this property they are often called 
surface active agents or surfactants}'^ 
Surfactants have a polar hydrophilic head group at one end and a 
nonpolar hydrophobic moiety connected to the head group on the other 
end. They are mostly derived from fatty acids, fatty alcohols, 
alkylphenols, alkylamines, and mercaptans. Typical examples are soaps or 
phospholipids which form membranes. 
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The hydrophobic part is usually a long hydrocarbon chain. It can be 
of different lengths, can contain unsaturated portions or aromatic moieties 
and can be branched or consist of two or more chains. The polar or the 
ionic head group may have distinctive variations. Many surfactants, such 
as the physiologically important bile salts, have rigid structures as 
opposed to the flexible chains of soaps and detergents. 
Surfactant, in general, can be ionic or nonionic depending on 
whether its head group ionizes in water or not. The ionic surfactants are 
further classified as cationic or anionic by the charge of the head group. 
Cetyltrimethylammonium bromide (CTAB) is an example of cationic 
surfactant in which CTAB monomer dissociates as CTA"^  and Br~ ions in 
aqueous medium. Similarly, sodium dodecyl sulfate (SDS), which consists 
of negatively charged DS~ and Na"^  ions, is an example of anionic 
surfactant. 
An exhaustive list of both synthetic and naturally occurring 
surfactants is available. Their preparation and properties, in general, have 
been given in the monograph of Fendler and Fendler.^^ 
When surfactant molecules are dissolved in water, they segregate 
their hydrophobic portion from water, by associating into a variety of 
aggregate structures, called micelles}''^'^^'^'^ The coexistence of two 
opposite types of behavior (hydrophilic and hydrophobic) inside the same 
molecule is the origin of local constraints which lead to spontaneous 
aggregation. These structures, at thermodynamic equilibrium, give 
surprising macroscopic properties to the solution. 
Micellar aggregation can be demonstrated by measuring solution 
properties, such as surface tension, osmotic pressure, viscosity, electrical 
conductivity, and density, against surfactant concentration. As the 
surfactant concentration is increased gradually, these properties abruptly 
change over a narrow range of concentration.^" This suggests that there is 
a concentration below which aggregation is absent and above which 
aggregates would form and that these aggregates affect the thermodynamic 
properties of the solution. This threshold concentration of surfactant is 
called the critical micellar concentration (cmc). 
The magnitude of this concentration range depends on the physical 
property being measured. The discontinuity in the property of the solution 
can be used to identify the cmc. Some other techniques which have been 
developed to determine the cmc include dye solubilization,^'-^^ water 
solubilization,^^ ^H NMR,^ '*"^ ^ light scattering,^^ fluOrimetry, etc. The 
different experimental methods available for determining the cmc are 
summarized by Shinoda et al.,'^^ and Elworthy et alP and are discussed 
by Mukerjee and Mysels.^° The latter authors have also compiled cmc 
values and have evaluated different methods used for their determination. 
Micelles are not frozen objects. They are noncovalently bonded 
macromolecular aggregates that are of highly dynamic character. The alkyl 
chains constituting the micellar core are in constant motion and the water 
molecules, the counterions and the surfactant ions are continually and 
reversibly exchanging between micelle bound and free states.^ Kinetic 
studies indicate that the lifetime of a monomer in the micelle is about 
0.01-1 ms.i^'31 
The effective attractive tail-tail interaction, due to the hydrophobic 
interaction, lowers the free energy of the system^ {i.e., surfactant + water). 
Transfer of monomer into micelle means that the structuring of water 
around the hydrocarbon part of the monomer is lost, therefore, an ordered 
state has become a disordered one with regard to the water, implying a 
positive entropy change and a decrease in free energy. These factors favor 
micelle formation. On the other hand, the electrostatic and the steric 
repulsive interactions between the polar head groups will act to increase 
the free energy of the system. Also, formation of ordered aggregates from 
disordered dispersed monomers in solution will decrease the entropy of 
the system. These two factors will oppose the aggregation. The overall 
decrease in free energy due to loss of hydrocarbon/water interfacial 
energy and water structure outweighs the free energy increase due to 
electrical work and translational freedom losses, giving a remarkable 
tendency to micellize. 
For nonionic surfactants, no electrical force is expected to oppose 
micellization, so they form micelles at lower concentrations than the ionic 
ones. 
Types of Micelles 
Normal Micelles 
The structure of a normal micelle just above the cmc can be 
considered as roughly spherical (Fig. l.l).^^'^^'^^ When the hydrophobic 
portion of the surfactant is a hydrocarbon chain, the micelle will consist 
Aqueous 
bulk 
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Fig. 1.1. A two-dimensional schematic representation of the regions 
of a spherical ionic micelle. The counterions (X), the head groups 
(©), and the hydrocarbon chains (AA/) are schematically indicated 
to denote their relative locations but not their number, distribution, 
or configuration. 
of a liquid like hydrocarbon core. The radius of this core is roughly equal 
to the length of fully extended hydrocarbon chain (-12-30 A). The polar 
head groups and bound water are regularly arranged at the micellar 
surface which is rough.^^ Menger has proposed that water can penetrate 
inside the micelle up to a certain level,^ "*'^ ^ the idea gets support from 
fluorescence and 'H NMR measurements. Partial molar volume 
determinations indicate that the alkyl chains in the core are more 
expanded than those in the normal liquid state.^^ 
The nonionic micelles arrest water molecules at the palisade layer by 
hydrogen bonding of water with the polyethylene oxide groups.-'^  Water 
may remain trapped in this region. 
In ionic micelles, the surface potentials are high^ -^^ ^ and a significant 
fraction of the counterions (60-90 %)^ are located in a compact region, 
known as 'Stern layer',^^ which extends from the core to within a few 
angstroms of the shear surface of the micelle. The core and the Stern layer 
form the 'kinetic micelle'. Most of the remaining counterions are, however, 
located outside the shear surface in the region called 'Gouy-Chapman 
electrical double-layer'. The charge of the kinetic micelle is neutralized 
by these counterions. 
Counterions are "bound" primarily by the strong electrical field 
created by the head groups but also by specific interactions that depend 
upon head group and counterion type.^ '^ -^^ ^ A two-site model has been 
successfully applied to the distributions of counterions; i.e., they are 
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assumed to be either "bound" to the micellar pseudophase or "free" in the 
aqueous phase.^ '^ •^'*° The head group and counterion concentrations in the 
interfacial region of an ionic micelle are on the order of 3-5 M, which 
gives the micellar surface some of the properties of concentrated salt 
solutions.^ '^ ^*''* Although the solution as a whole is electrically neutral, 
both the micellar and aqueous pseudophases carry a net charge because 
thermal forces distribute a fraction of the counterions radially into the 
aqueous phase.^-'^ 
Reverse Micelles 
Surfactants in nonpolar solvents in presence of traces of water 
associate to form the so-called reverse, inverted or reverted micelles. The 
structure of micelle is similar to that of normal micelle but inversed, i.e., 
the polar head groups of the monomers being present in the centre and 
the hydrocarbon chains extending outwards into the solvent (Fig. 1.2).'* '^*' 
Water forms a pool in the interior of the micellar aggregate. The size and 
properties of reverse micelles vary with the amount of water present.'*'*''*^ 
Water in reverse micelles is expected to behave veiy differently from 
ordinary water because of extensive binding and orientation effects 
induced by the polar heads forming the water core."*^  
Mixed Micelles 
The formation of micelles from more than one surfactant gives rise 
to mixed micelles. Clint"*^  developed an analytical description which 
contained both micelle composition and monomer concentration above the 
Fig. 1.2. Schematic structure of a spherical reverse micelle. 
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mixed cmc for mixtures of nonionic surfactants. Clint'5 treatment assumed 
ideal mixing in the micelle. Furthermore, the expressions of Lange and 
Beck''^  and Clint'*^ for the cmc values of mixtures of nonionic surfactants 
have been experimentally verified for cases where ideal mixing might be 
expected. The properties of the mixtures of ionic and nonionic 
surfactants'*^*^^ have been interpreted with the aid of mixed micelle 
formation. It was pointed out that the cmc of the mixed surfactants was 
lower than either of the single surfactants.'* -^'** 
Clint's theory of ideal mixing can hardly account for the 
characteristics of mixed systems of dissimilar structural features. 
Rubingh^^ formulated a theoretical treatment to relate the monomer 
concentration to the micellar composition. Although found to be 
reasonably satisfactory in many cases,^ -^^ '* the theor>' was criticized on 
thermodynamic grounds. Recently, Sarmoria et al.^^ and Puwada et al}^'^^ 
have developed a molecular thermodynamic model for mixed surfactant 
systems. The description of mixed surfactant solutions available in 
literature are mostly based on Rubingh's approach mainly because it 
includes a specific interaction parameter P giving a measure of the 
interaction of the surfactant species in solution. However, Haque et al.^^ 
have observed anomalies in Rubingh's approach. 
Mixed micelles may also form when low molecular weight solutes 
are solubilized by micelles of surfactants containing a relatively larger 
nonpolar side chain. The solubilized substances, also called as the 
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penetrating additives,^° may be located in both the hydrocarbon core^^ 
and in the hydrophilic mantle.^ ^" '^' 
The occurrence of mixed surfactants and hence mixed micelles are 
common in industrial, pharmaceutical and biological fields; 
physicochemically, they work better than pure surfactants in solution. 
Factors Affecting Critical Micellar Conceptration 
The reason for micelle formation, in general terms, is the tendency 
of the hydrocarbon part of the monomer to associate with itself rather than 
to remain in close proximity with water. Micelle formation is thus an 
outstanding example of what is known as 'hydrophobic bonding'. 
The cmc and solution properties depend upon the chemical structure 
of surfactants as well as physicochemical conditions such as the 
concentration of added salts, ^ "^ -^^ solvent polarity, temperature, pH, and 
pressure.'^ 
The polarity of the medium favors surfactant association. Ndnpolar 
medium offers environment similar to the surfactant tail so that their 
tendency of self-association is reduced. In a good nonpolar medium, viz., 
cycloh.exane, carbon tetrachloride, etc., formation of normal micelle may 
be totally absent; instead, a reverse orientation (reverse micelle) may 
occur. 
Generally, the cmc decreases as the chain length increases. For the 
same head group, compounds containing longer hydrocarbon chains form 
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micelles at lower concentrations than those containing short chains. The 
position of head group in hydrocarbon chain also affects the cmc. The 
closer the head group to the centre of the chain, the higher the cmc; due 
to the two branches of the chain partially shielding one another. The 
presence of double bond in the chain also causes an increase in cmc. 
The effect of temperature on cmc is essentially guided by the way 
temperature affects the solubility and other behaviors of surfactants in 
solution. In general, for ionic surfactants the cmc first decreases in the 
lower range of temperature, at higher temperature range, it increases.^^ 
Decrease in cmc at low temperature is probably due to desolvation of 
parts of monomer which make it more hydrophobic, cmc increase is due 
to thermal agitation of molecules resulting in a decreased adhesion 
between monomers. For nonionic surfactants the cmc decreases with 
increasing temperature.^^-^^ The micelle size of the ionic surfactants 
decreases^^ and that of nonionic surfactants increases^^ with temperature. 
cmc has been found to first increase upto a pressure of 1000 atm and 
decrease with further increase of pressure.^ * '^^ ^ This is due to water 
structure destruction by the applied thrust to assist wider distribution of 
the surfactant molecules in solution to oppose their tendency of 
association. The decrease in cmc may be due to an increase in the 
dielectric constant of water, making less electrical work necessary to bring 
a monomer into a micelle. 
Addition of polar and nonpolar substances to surfactant solutions 
may also alter the cmc, aggregation number (n), size and shape of 
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micelles. In ionic surfactants the cmc decreases with the addition of 
salts^ '^^ ^ because the screening action of the simple electrolytes lowers the 
repulsive forces between the polar head groups. The addition of salts in 
nonionic surfactants have been found to decrease^^'*' and then increase^^ 
the cmc. This may be due to a reduction in the hydration of the monomers, 
which increases their hydrophobicity and, consequently, their tendency to 
micellize. The micelle size increases^^ with increased salt concentration. 
The effective charge on the micelles, a (the number of charges per 
micelle), increases with salt concentration but the actual degree of 
dissociation, a/n, remains roughly constant. 
Non electrolytes may both increase and decrease the cmc of 
surfactants,^ '^^ ^ like urea and its derivatives increase the cmc of both ionic 
and nonionic surfactants.^°'^ '^^ '* Urea is generally believed to break the 
water structure^ '^*-' and to decrease the structure around the hydrocarbon 
chains, hence reducing the driving forces for micellization. This effect is 
generally greater for cationic micelles than for anionic micelles. Addition 
of acetamide and formamide decrease the cmc of surfactants.^^ 
Low concentrations of added alcohols reduce the cmc, but high 
concentrations tend to increase it for both ionic^ -^*^ and nonionic 
surfactants.^^ It has been found that micelles disappear by the addition of 
some organic solvents to aqueous solution of surfactants.^ '^^ ^ 
cmc of surfactants were found to be lower in DjO than in HjO^ '^^ ^ 
because hydrophobic bonds may be stronger in DjO than in HjO.^' 
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Aggregation Number and Minimum Micellar Size 
The number of surfactant molecules which aggregate to form a 
micelle is called aggregation number of that surfactant. The methods of 
light scattering and fluorescence quenching are conveniently used to 
estimate the aggregation number.^ -^*^ ^ Normally, the aggregation number 
falls in the range of 20-200; the bile salt micelles can have lower 
aggregation number^ '* of 4-10. The aggregation number is affected by 
different factors such as the nature of the surfactant, temperature,^ -^-^ '^^ ^ 
type and concentration of added electrolyte,^ -^^"^^ organic 
additives, i^-ioo-io^e/c. 
A micellar aggregate tends to form a close packed core consisting of 
hydrocarbon tails, each having a well defined steric volume, v. The head 
groups distribute themselves uniformly on the surface.of the core and try 
to maintain an optimum surface area per head group, a^. 
If n be the minimum aggregation number, volume conservation 
relation and surface area conservation relation are, respectively, 
nv = 4/37tr3 (1.1) 
and 
na^ = 4nT^ (1.2) 
where r is radius of the hydrocarbon core. Eq. (1.1) states that volume of 
the hydrocarbon core is equal to the sum of the steric volumes of each 
hydrocarbon tail in the core. Eq. (1.2) asserts that the surface area per 
head group is equal to the optimum value a^. 
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For a spherical micelle it is reasonable to assume that the radius r of 
the micelle will be equal to the length /^  of the surfactant molecule. Thus 
the values of a and n can be calculated in terms of v and /,. It can be 
o ' 
shown that 
a^  = 3v/r ~ 3v//^ (1.3) 
and 
n = 47ir3/3v ~ 47i///3v (1.4) 
V and /^  of the hydrocarbon tail can be calculated using Tanford's formula^ 
V = (27.4 + 26.9n,) A^  (1.5) 
and 
/^  = (1.5 +1.265n^) A U-6) 
where n,, is the number of carbon atoms per chain. 
For example, n^ . is 12 for SDS and 16 for CTAB and this gives v = 350.2 
A^  and 457.8 A^ for SDS and CTAB, respectively. /^  for SDS and CTAB 
comes out to be 16.7 A and 21.74 A, respectively. 
Eqs. (1.3) and (1.4) along with eqs. (1.5) and (1.6) suggest that for 
n^  = 12, n ~ 56 and for n^ . = 16, n ~ 94. These values are consistent with 
the experimental results as has been reported for SDS and CTAB.^ ^ 
Structures of Micelles 
Micelles, unlike solid particles or rigid macromolecules such as 
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DNA, are soft and flexible, i.e., fluid like. This is because the forces that 
hold surfactant molecules together in micelles are not due to covalent or 
ionic bonds but arise from the weaker van der Waals, hydrophobic, 
hydrogen bonding and screened-coulombic interactions. Thus, if the 
solution conditions such as temperature, electrolyte concentration, or the 
pH of the micellar solution are changed, it would affect both intra- as well 
as inter-aggregate interactions, thereby modifying the shape and size of 
the structures themselves. ^ °''^^^ 
The shape and size of these micellar aggregates can, in principle, be 
determined by various methods such as viscosity,'^'"^''' light 
scattering,^^'^^'"^'''^ diffusion sedimentation velocity, sedimentation 
equilibrium,'•^•^ '^^  ultrasonic absorption,'^'-'^^ time-resolved 
fluorescence,^*'^^-' small-angle neutron scattering (SANS),'^ ''*^^^ etc. 
Transition of spherical to larger micelles for ionic surfactants occurs upon 
a reduction of interhead group repulsions.'^^''^^ It may be caused by 
salt'^^ or surfactant^^^-'^ ^ additions or solute solubilization.^°*^' 
Packing considerations constitute a factor which involves the nature 
of the head and tail groups of the surfactant. A critical ratio (R ) has been 
devised by Ninham and co-workers,'^'-^^^ defined as 
Rp = ^ laJc (1-7) 
The Rp depends on chemical structure of the surfactant monomer (/^  
and v) and on surface repulsion between head groups. The desired 
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curvature and thus type of aggregate may be obtained upon a correct 
choice of the surfactant molecule and solvent conditions (type of solvent, 
ionic strength, etc.) using R value as a guide (Fig. 1.3). However, the 
ratio has to be used with caution as it accounts only for geometrical 
considerations. In three and four component systems, by using this R^ 
value, Fang^^^ explained a series of phase transitions (starting with normal 
micelles and ending with reverse micelles). 
Spherical Micelles 
Spherical micelles are formed when the surfactant molecule/ has 
comparatively large head group area and a small volume. Eqs. (1.1) and 
(1.2) give v/a^T = 1/3. For spherical micelles r < /^  and, therefore, v/aj^ < 
1/3. Thus, the surfactant molecules with packing parameter, R < 1/3 form 
spherical micelles. The size of the spherical micelle is not very sensitive 
to the surfactant concentration and the micelles are fairly monodisperse. 
The ej^amples of such surfactants which form nearly spherical micelles are 
S£)S60,i34 ^^ dodecyltrimethylammonium bromide (DTAB)^35,i36 
Cylindrical Micelles 
Non spherical micelles, such as cylindrical or ellipsoidal, are formed 
for the value of the packing parameter 1/3 < Rp < 1/2. The surfactant 
molecules with small head group or large volume will form non spherical 
micelles. For example, CTAB forms ellipsoidal micelles (Fig. 1.4).'^ '''^ ^* 
Spherical micelles can be changed to rodlike or cylindrical micelles, 
vesicles or bilayers by increasing the salt concentration or lowering the 
«,, = "'".,',. 
1/3 X 
1/2 
y 
\ 
y 
' > 
Aggregate shape 
Spherical 
micelles 
SL-
Cylinders 
(that 
may be 
f lexible) 
Flexible lamella ve-
= Lamellar phases = 
2^)/^ Reverse 
^ (XT- micelles 
-^T)^ (in apolar 
solvents) 
Type of 
sur factant 
Single chain 
Ionic or 
zwitterionic 
Single chain 
Non-ionic 
or ionic 
vvith added 
salt 
Double 
chain 
Double chain 
Small area 
per headgroup 
Fig. 1.3. Schematic diagram of possible aggregate shapes according 
to the packing factor, R = v/a^/^,criterion. 
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pjj 139-143 YoT example, spherical SDS micelles transform to cylindrical 
micelles when an electrolyte is added to the solution.'^^'''*'^'''^ Chain 
branching or unsaturation of hydrocarbon tail, particularly cis double 
bonds, favors cylindrical micelles.'^'•''^ Surfactants possessing charged 
head groups in presence of salts and those having uncharged head groups 
form cylindrical micelles. Cylindrical micelles can grow in length without 
limit. In presence of salicylate, CTAB, CPC, etc., can form long worm-
like micelles.^'^^'''^ The size and aggregation number of cylindrical 
micelles are very sensitive to the surfactant concentration^'*^''^° and are 
usually polydisperse. 
Bilayers and Vesicles 
Bilayers and vesicles are formed by those surfactants that cannot 
pack into micellar structures due to their small head group area or because 
their hydrocarbon chains are too bulky to fit into such aggregates. Thus, 
surfactant molecules with packing parameter 1/2 < R < 1 form bilayers 
and this requires that, for the same head group area and chain length, their 
volume must be twice that of the micelle forming surfactants. Therefore, 
surfactants with two chains are likely to form bilayers.'^''^^ Bilayers can 
also accommodate a significantly large number of amphiphile molecules 
without alteration in the available surface area per amphiphile. 
Bilayers are capable of forming spherical vesicles with an internal 
solvent filled cavity. One bilayer surface is expanded in this process and 
the other is contracted. This arises since in closed bilayers the 
energetically unfavorable edges are eliminated at a finite rather than 
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infinite aggregation number which is also entropically favorable. Thus, so 
long as the surfactants in curved bilayers can maintain their areas at their 
optimum values, vesicles are the preferred structures. 
Effect of Additives on Structural Transitions 
The presence of additives (electrolytes or non electrolytes) in 
aqueous surfactant solutions may result in modification of both intra-
micellar and inter-micellar interactions. Consequently, size, shape, 
polydispersity, flexibility, and phase structures of ionic micelles may be 
modified significantly upon the addition of salts.^ ^ '^'^ ^•• '^* This 
modification in macroscopic properties of the solution can easily be 
detected through light scattering or viscosity measurements.^^-'^ ^"'^ ^ 
Micellar solutions show a large increase in viscosity on adding salts 
or organic additives which indicates the growth of the micellar 
aggregates.^ •^^ •^^ •^^ ^^ '^ ^^ "^ ^^  The growth of micelles from spherical to 
cylindrical is of great experimental and theoretical interest. In one of their 
studies, Hoffmann ei alJ^^ have shown that at higher concentrations of 
surfactants the rods shorten when their rotational volumes begin to 
overlap and undergo another transition to a different anisometric form, 
probably to that of a disk. 
Effect of Salts 
When salt is added to aqueous surfactant solution and its 
concentration reaches a threshold value, rodlike micelles fonn'^ '^ '^ ^-^^ '^^ '* 
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because the presence of salt ions near the polar heads of the surfactant 
molecules decreases the repulsion force between the head groups. A 
reduction in the repulsion makes it possible for the surfactant molecules 
to approach each other more closely and form larger aggregates, which 
requires much more space for the hydrophobic chains. Because a spherical 
micelle has a small volume, it must change into the rodlike micelle to 
increase the volume/surface ratio. The existence of rodlike micelles was 
inferred from experiments of light scattering'^"*-'^^''"'^-^ and confirmed by 
direct observation under the electron microscope for some systems. ^ '^^ "'^ ^ 
Addition of saltsygenerally found to facilitate the transition. Many 
workers have discussed the effects of salts on ionic surfactant solutions in 
terms of electrostatic interactions, ionic hydratability, changes in water 
structure, etc., and have classified ions as water structure breakers and 
water structure makers.^^^•'^^''^' 
Counterion effects in micelles,'^^ vesicles,^ and DNA'^ "* show 
different affinity orders indicating that significant differences exist in the 
balance of forces responsible for ion-binding in these aggregates. In 
general, less hydrated ions lead to higher counteri-on binding in the 
surfactant aggregate'^'' and promote micellar growth. Several reports 
indicate that change from Li"^  to Cs"^  induces micellar growth which is 
related to hydration of specific counterion.'*°>'^ '^'^ ^ 
Compared to these alkali metal counterions, symmetrical quaternary 
ammonium ions (R4N"^ ) are essentially less hydrated and, therefore, 
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binding with the micelle will be favorable. On the other hand, R^ N"^  has a 
low charge density and may also try to intercalate between head groups of 
anionic micelles. This will decrease the electrostatic interactions in 
addition to increased hydrophobic interactions. The positive charge on N-
atom will decrease the effective area. All these factors will contribute 
towards micellar growth. ^ '*^  
Many experimental studies of salt effects on the structural transitions 
of micelles have been conducted in the past.'^^''''^"'^° Zhao and Fung'^' 
carried out H^ NMR experiments in order to study the transformation of 
SDS micelles in presence of NaCl. They found that in the absence of 
added electrolyte above the cmc spherical micelles are formed. At higher 
surfactant concentrations, spherical micelles transform into ellipsoidal 
micelles. In the presence of salt above a threshold concentration, both 
spherical and ellipsoidal micelles can change into rodlike micelles. 
Bendedouch et alJ^^ made a series of SANS measurements on 
micellar solutions of lithium dodecyl sulfate (LDS) as a function of 
surfactant and salt concentrations. In an electrolyte free aqueous LDS 
solution the micelles still assume their smallest spherical size (n = 53) for 
a concentration of up to 0.037 M, whereas the particle shape changes from 
a sphere to a prolate ellipsoid to accommodate larger n. At low LDS 
(< 0.3 M) and salt (< 0.5 M) concentrations the growth behavior of 
micelles was said to be somewhat similar to that of SDS as studied by 
Missel et al.^^^ who found that the micellar size is a very sensitive 
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function of [surfactant], temperature and [NaCl]. But at high salt 
concentrations, there is no evidence of sphere-to-rod transition in contrast 
to the SDS case. The LDS micelles grow only to a limited extent and thus 
the assumption of monodispersity is probably valid. 
Ikeda et al. ^^^ measured light scattering from aqueous solutions of 
SDS in the presence of 0.8 M NaX (X : F", CI', Br", I", or SCN-) at 35 
°C. They found that the molecular weight of the rodlike micelles depends 
on the coion species of added salt and changes in the order of the 
lyotropic series of halide ions except for SCN" ion : NaSCN < NaF < 
NaCl < NaBr < Nal. The difference in micelle size must be caused by the 
effect of coion species on hydrophobic interaction in the micelle 
formation or the extent of destruction of the hydrogen bonded structure of 
water. Huisman^ '^' determined the micelle molecular weight of SDS at low 
concentrations of NaX and he found that the apparent weight average 
molecular weight of the spherical micelle was dependent on the coion 
species of added salt but was in the order opposite to that found for the 
rodlike micelles : NaF > NaCl > NaBr > Nal. 
Among cationic surfactants, the salt-induced formation of rodlike 
micelles of alkyltrimethylammonium bromides in aqueous salt solutions 
was reported for dodecyl,'^^-'^^ tetradecyl,'^^'^^^'^^"'^^ and 
hexadecyl^^^-'^ ^"'^ ^ derivatives by measuring light 
Scattering,i27.i39.i58,i63.i87,i88.i9i-i94 fl^^ birefringence, 1^ ^^ 161,195,196 
viscosity,>27 solubilization,'^^'^^^ ifj NMR,'^^-'^^ SANS,'^^-202 and electron 
microscopy.^ '^-^ '^' Results of light scattering measurements showed that 
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the sphere-to-rod transition of the micelles took place in aqueous NaBr 
solutions of dodecyltrimethylammonium bromide at [NaBr] > 1.8 M.'^ ^ 
As halide counterions bind moderately to cationic surfactant 
aggregates, micellar growth is gradual. Upon changing of the counterion 
to aromatic ones which usually display higher counterion binding, 
micellar growth occurs at low surfactant and counterion 
concentrations.''^ ^•'^ *'^ ^^ However, not only high counterion binding is a 
prerequisite for micellar growth, but also the orientation of substituents on 
the aromatic ring is important.''''• '^^ ^•^^^ 
Theoretical studies showed that worm-like micelles are long and 
flexible and that they undergo transformations on relatively short time 
scales.^^^ This was confirmed by negative staining^^^ and cryo-
transmission electron microscopy {cryo - TEM)^ ^^ which showed that 
worm-like micelles can become several hundreds of angstroms in length. 
The presence of worm-like micelles in aqueous solution is often reflected 
by an increase in relative viscosity.^''^ Upon increase in surfactant 
concentration, an entangled network of worm-like micelles is formed 
which displays viscoelastic behavior.^" Upon increase of the size of the 
hydrophobic portion of the counterion the formation of vesicles has been 
observed. 
Porte et al?^^ performed quasi-elastic light scattering (QELS) 
spectroscopy on cetylpyridinium chloride or bromide (CPC or CPB) 
micelles as a function of the added [salt]. CPB micelles were found to 
26 
grow steadily with increasing NaBr concentration while CPC micelles 
retained a minimum size at all NaCl concentrations. Their results also 
support the idea that elongated micelles might exhibit some flexibility. 
Double-tailed amphiphiles usually form bilayer sheets as their most 
hydrated state allows the molecules to pack only in a lamellar 
arrangement. Upon closing, the bilayers transform to vesicles.^ '^ "•^ ^^ 
Lamellar aggregates are also formed from delicate mixtures of anionic and 
cationic surfactants in water^ ^^ or mixtures of ionic surfactants and long 
chain alcohols in water^'^'^'^ or electrolyte solution.^'^ Some surfactant 
molecules in aqueous solution are spontaneously transformed from 
micelles into a lamellar array in the presence of high salt concentration. 
The induction of a lamellar arrangement of surfactant molecules by salts 
finds an important commercial appUcation in Uquid laundry detergents.^ "^'^ "^* 
Effect of Organic Additives 
Aqueous micellar solutions are known to solubilize water [insoluble 
or slightly soluble organic compounds. In order to improve their 
properties surfactants are used in presence of additives. Alcohols are the 
most commonly used cosurfactants. Cosurfactants are said to be 
surfactants too weak to form micelles because either their solubility in 
water is lower than the cmc they would show, had they been sufficiently 
soluble, or the interaction between their hydrophobic moieties is too 
weak.^ "^* From a practical point of view, alcohols have been used in 
tertiary oil recovery because they bring about a large decrease of the 
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viscosity of the micellar systems used in this process.•^ ^^ Addition of 
alcohols to the solution of an ionic surfactant affects the micellar 
properties by changing the structure of the solvent and of the surfactant 
aggregates. It has been shown that the addition of short and medium chain 
alcohols to aqueous surfactant solutions leads to a decrease in micellar 
size, whereas long chain alcohols have the opposite effect.^ '^'"^^^ Many 
techniques like H^ NMR,^ ^^ EPR and electron spin echo modulation^^ '^^ ^^ 
and neutron scattering^^^ have been used to obtain information about the 
solubilization of alcohols in micelles. It has been suggested that the short 
chain alcohols are localized mainly in the aqueous phase, thus influencing 
the micellar structure by altering the organization of solvent molecules. 
Medium chain length alcohols are distributed between the two phases 
(i.e., micelle and bulk water) and long chain length alcohols are 
appreciably localized in the micellar phase.^ '^*'^ -'^  In the case of spherical 
micelles the alcohol is presumably distributed uniformly in the palisade 
layer. In the case of anisotropic micelles such may not be the case. A 
neutron scattering study of potassium laurate-decanol-water system 
showed that the potassium laurate concentration was higher in the rim of 
the disk than in its central core, the reverse holding for the alcohol.^^^ 
Mukerjee^^^ proposed that an additive which is surface active to a 
hydrocarbon-water interface will be mainly solubilized at the micellar 
surface and will be found to promote the sphere-to-rod transition. Amines 
are more surface active than alcohols at the air-water interface.^^^ Also, 
C4 to C,Q «-alkylamines have been found to be solubilized in CTAB and 
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SDS micelles by hydrophobic and electrostatic effects, and the amine 
group is left on the surface of the micelle.^'' These solubilized amines 
have been reported to form mixed micelles with ionic surfactants.^ '* '^^ '*' 
Also, Lindemuth and Bertrand "^* observed that amines were more effective 
in the SDS system than in tetradecyltrimethylammonium bromide (TTAB). 
This indicates a specific interaction between the amine and anionic head 
group at the mi cellar interface. 
Reekmans et al.^^^ have investigated the influence of alkanes and 
alcohols on the aggregation behavior of anionic surfactants by 
fluorescence quenching. They used «-alkylpyridinium chlorides (CJQ and 
Cj^) as quenchers and 1-methylpyrene as the fluorescence probe. They 
have shown that the aggregation number increased on addition of alkanes 
and higher alcohols. Smith and Alexander^''^ have found from 
sedimentation and viscosity studies that methylcyclohexane when added 
to solutions containing CPC increases the aggregation number and 
viscosity only slightly and regularly, while addition of aromatic additives 
like toluene and trichlorobenzene showed large increases of viscosity and 
aggregation number. These results were interpreted in terms of aromatic 
hydrocarbons' ability to promote rod formation while aliphatic 
hydrocarbons simply swell the pre-existing spherical micelles. Similar 
effects were found for benzene and cyclohexane with CTAB.-^ '''^ '^ '*^  
Eriksson and Gillberg '^*^ have determined resonance line shifts and 
relative line widths of hydrogens for CTAB and aromatic solubilizates at 
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several solubilizate concentrations in 0.1729 M CTAB solution. The 
results indicate that for benzene, N,N-dimethylaniline and nitrobenzene, 
the predominating solubilization mechanism at low and intermediate 
solubilizate concentrations involves adsorption at the micelle-water 
interface whereas /50-propylbenzene and cyclohexane are preferentially 
solubilized in the hydrocarbon part of the micelles. The phenomenon of 
solubilization of aromatic compounds by adsorption at the micelle-water 
interface can be understood on the basis of thermodynamic arguments. In 
aqueous micellar solution a few water molecules penetrate into outer part 
of the hydrocarbon core of the micelle which is close to the polar heads. 
It is certainly favorable from an energetic point of view that an aromatic 
like benzene, N, N-dimethylaniline, or nitrobenzene is substituted for this 
penetrating water because of the high polarizability of the aromatic ring 
and the bonding abilities of the substituent groups. Thus, by this 
adsorption, the system can lower its energy in comparison with the case 
of an even distribution of aromatic molecules within the micelle, and the 
energy difference in question may more than compensate the associated 
diminution of entropy. In the case of /50-propylbenzene it is unlikely that 
the same solubilization mechanism is so effective because of the presence 
of the /50-propyl group, which counteracts the effect of the aromatic ring. 
Instead, dissolution of/50-propylbenzene in the central part of the micelle 
appears to be energetically advantageous, implying that the particular 
interfacial structure which promotes a more well-ordered micelle state is 
never created. This solubilization in the centre of the micelle might 
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involve a reorganization of the micellar structure so that a more spherical 
micelle is obtained instead of the postulated original rodlike micelle. 
For micelles to maintain a spherical form, some of the tails must be 
able to reach the centre of the micelle. Addition of an aliphatic 
hydrocarbon, generally thought to reside in the micellar interior, relieves 
this requirement. Now the association structure can maintain spherical 
form containing the solubilized oil at a radius which was previously 
prohibitive. It is in this manner that the aliphatic hydrocarbons retard the 
sphere-to-rod transition. Aromatic additives clearly behave differently in 
the cationic surfactant systems than they do with anionic ones. Aromatic 
hydrocarbons stimulate micellar growth in the case of cationic surfactants 
which may stem from interaction of the delocalized K-electron cloud of 
the benzene ring with the positive charges of the surfactant head groups; a 
behavior very similar to that of a cosurfactant or counterion. The resulting 
reduction of head group repulsion favors rods by shrinking the surface 
area occupied per amphiphile, allowing the aggregation number to 
increase. 
Spherical to worm-like micellar transitions were observed when 
methylsalicylic acid or hydroxybenzoic acid was added to aqueous CTAB 
solution. Lin et al^^^ used the combination of shear rheometry and 
cryo-lEM. to investigate the relationship between the colloid 
microstructures and rheology as a function of acid concentration. Cryo-
TEM micrographs show that the sphere to worm-like micelle transition is 
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not abrupt. The worm-like micelles entangle with each other and the 
solutions exhibit viscoelastic behavior. They have interpreted this 
behavior in terms of decrease of the effective area of the hydrophilic head 
group by association with the carboxylic acid group and increase of the 
effective area of hydrocarbon chain due to penetration of the phenyl 
moiety of the acid. They concluded that increasing the effective area of 
the hydrocarbon chain is an important factor in the transition mechanism. 
Synergistic Effect of Organics + Salt Additions 
Micellar growth is generally facilitated by addition of electrolytes 
and cosurfactants but Missel et al. ^^ ^ found that urea retards the growth of 
SDS micelles in 0.8 M NaCl. Low values of the mean aggregation number 
of SDS in aqueous solutions of n-pentanol have been found in several 
studies.'^^•^"'^''^ However, addition of 0.1 M NaCl to solutions of SDS in 
pure water and to aqueous 0.2 M SDS + 0.6 M «-pentanol has been found 
to increase n from 65 to 93246,247 ^^^ 47 JQ 197,^^' respectively. Thus a 
large increase of n is observed in SDS + «-pentanol "mixed micelles" upon 
addition of 0.1 M NaCl compared to pure aqueous SDS solution. 
In most of the studies'''•'^^'^''*"^^^ involving, for instance, 
viscosity,^ •^ '^ '•''252,254,255 jjgjj| scattering^ '^''2i0'250-252 ajj(j fluorescence 
probing, •^ '^254 changes of micelle shape upon addition of alcohols both in 
the presence and absence of salts have been reported. 
Guerin and Bellocq^^^ have shown that various phases and critical 
points are present in the system SDS/n-pentanol/water/NaCl depending on 
NaCl concentrations and temperature. 
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Stephany et alP"^ studied the same system using light scattering 
techniques with varying concentration of the electrolyte (NaCl). They 
varied the concentration of n-pentanol for each NaCl concentration. Data 
show characteristics of a continuous sphere-to-rod transition. From the 
results' it was concluded that the micelles can be modeled as flexible 
worm-like objects. 
The effect of addition of «-alcohols on the viscosity of CTAB"^ and 
SDS^^^ in presence of KBr and NaBr, respectively, were studied by 
capillary viscosity method. With CTAB, Prasad and Singh'''* found that 
the lower alcohols (Cj and C3OH) decreased the viscosity of CTAB 
solution in presence of 0.1 M KBr right from the beginning, while C ,^ C5 
and CgOH in low concentrations were found to increase the viscosities. 
Depending on the nature of the alcohol, further addition either made the 
solution turbid or lowered the viscosity of the solutions. They interpreted 
the results in terms of the possible transition of micellar shape from rod-
to-sphere or elongated rods in presence of added alcohols. When propanol 
was added to SDS in presence of 0.3 M NaBr,^ ^^ the viscosity remained 
almost constant and then decreased, whereas with hexanol it increased 
continuously. With C4 and C5OH, depending on the concentration, 
increase followed by a decrease in viscosity was observed. The behavior 
was interpreted in terms of solubility of alcohols in various solubilization 
regions of the micelle with a resultant change in R of the "effective 
surfactant" {i.e., SDS + «-alcohols). As regards the effect of temperature 
on the system, an increase in temperature caused a decrease in viscosity, 
which was related to micellar breakdown. 
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Kabir-ud-Din and co-workers have studied the effect of addition of 
amines,ii5.ii6.259-262 alcohols,^i6-"»'"9.26i.262 and hydrocarbons263,264 ^^  
ionic micellar solutions with or without salts. Increase or decrease in 
viscosities of the solutions were found to be dependent on the chain length 
and nature of the additive. The results were explained in view of structural 
transitions. Similar transitions of micellar shape by the addition of lower 
alcohols to DTAB/NaSal micelles have been reported from light scattering 
measurements.^^^ 
Importance of the Research Problem 
For the past four decades a considerable amount of research effort 
has been directed towards determining the physicochemical properties of 
self-assembled surfactant aggregates, especially, micelles and unilamellar 
vesicles. Although many reasons can be cited for the widespread interest 
in elucidating the physicochemical properties of micelles and vesicles, 
there are primarily three reasons. Firstly, one can consistently and easily 
prepare aqueous micellar and vesicular solutions which have aggregates of 
colloidal dimensions with characteristic size, shape and surface properties. 
Hence micellar and vesicular systems have been employed as model 
systems in investigations concerned with understanding colloidal 
physicochemical phenomena.'*-^ ^^ Secondly, the similarities between self-
assembled surfactant aggregates, such as micelles and vesicles, and 
biological lipid membranes have not gone unnoticed. Thus, in many 
studies micelles and vesicles have served as rudimentary model systems 
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for biological lipid membrane systems. ^ '"6 Thirdly, it has been found that 
micelles and vesicles can act as unique reaction media. Indeed, 
solubilization of reactants within self-assembled surfactant aggregates 
frequently leads to altered reaction rates, reaction routes and 
stereochemistries.^'^^^ Obviously, micelles and vesicles cannot be fully 
exploited as reaction media until all their physicochemical properties have 
been ascertained. 
An increase in our understanding of physicochemical properties of 
mixed surfactants (or surfactant + additive) is of great theoretical and 
practical importance, since pure, single surfactants are rarely used in 
applications. Studies on surfactants and their mixtures with variety of 
additives in aqueous solutions are of interest for fundamental 
understanding of their interactions with regards to their chemical, 
pharmaceutical, mineral processing, petroleum engineering,^^ '^^ ^^ 
household and technical applications,^ '^*'^ ^^ cloud-point extraction 
technique (CPET),^ '^ '^ '^ '^ * and hydrophobic interaction chromatography.^^^ 
Micellar solutions are called 'compartmentalized liquids', the 
micelles serving as compartments which can help dissolution of polar and 
nonpolar compounds in normal and reverse micellar solutions, 
respectively. This is an advantage which is not achieved otherwise. 
Solubilization and dispersion^*^ are two important uses of micellar 
solutions. This is relevant in many biological processes.^ ^ •^^ ^ •^^ '^"^ ^^ 
From a practical point of view, the presence of non spherical micelles 
gives solutions a very high viscosity which might be of importance in 
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industrial formulations as it enhances performance and customer appeal of 
formulations. Control of viscosity of preparations with nonionic 
surfactants can be done by varying the length of the hydrophilic head 
group. 
Solubilization of organics in aqueous solutions of surfactants could 
be useful in micellar enhanced ultrafiltration.^*'' In this process, such 
system is added to a polluted aqueous solution. The surfactant is then 
mainly in aggregate form which can solubilize the organic solute. Since 
the size of the micelles is greater than that of the dissolved organics, the 
micellar solution can be filtered with an ultrafiltration membrane having 
pores small enough to reject the aggregates containing the organic 
pollutants. 
Due to reasons mentioned above and many more, the effect of 
additives on the properties of aqueous surfactant solutions has been a 
subject of intense research. This thesis is exclusively devoted to studying 
the effect of a variety of additives on the solution properties of an anionic 
surfactant, viz., SDS. 
Whereas abundant literature is available on studies performed on 
surfactant + salt^ *^ -^ *'^  or surfactant + organic additive systems, 145,288,289 
that on surfactants in simultaneous presence of salts and organics is 
scanty. However, the available studies show that in some concentration 
ranges of salts and organics, there exists a kind of synergism {e.g., drastic 
changes in viscosity)." '^'2'°'262-265, jjj j^^ jg tresis systematic studies on such 
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synergism and its effect on solution behavior are described. Additionally, 
quaternary salts were used to see the effect in place of routinely used 
inorganic salts. 
Layout of the Thesis 
Keeping the view presented in the last paragraph, the work was 
planned in a manner to find the micellar morphology of SDS solutions in 
presence of quaternary ammonium salts (R^NBr) and then the effect of 
organics was combined in the latter part. The thesis consists of five 
chapters including the present one. As evident, this chapter is mainly 
concerned with the General Introduction of the research problem 
including the lacunas where the need of more research was felt. 
The Chapter II includes the material and ftiethodologies which were 
used in the studies. Individual purity, conditions of storage, etc., are also 
pointed out. 
SANS studies in presence of R^NBr (R = CjH ,^ w-CjH )^ were performed to 
see the effect of concentration and alkyl chain length of the salt on micellar 
shape Eind size. Aggregation number (n), effective charge per monomer, (a) 
and semi-major to semi-minor axis ratio (c/a) were computed and the data 
are compared with simple inorganic salt results reported in the literature. 
These SANS study data are contained in Chapter III. 
Effect of adding aliphatic amines in the presence of quaternary 
bromides in anionic SDS micellar solutions was studied viscometrically. 
This work is included in Chapter IV. The work describes effect of alkyl 
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chain lengths of quaternary bromides and amines as well as of their 
concentration variation. 
Looking for solubilization regions and their changes in presence of 
salts have been the reasons for carrying out studies described in Chapter 
V. Aliphatic alcohols and aliphatic and aromatic hydrocarbons were 
chosen as the organic additives (solubilizates) and R^NBr (R = H, CH3, 
CjHj, n-C^U-j, /J-C4H9, M-CsHjj ) as the salts. 
Chapter - II 
Experimental 
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The chemicals used throughout the study are listed in Table 2.1 
which also includes their abbreviated names, chemical formulas, sources, 
and purities. 
Sodium dodecyl sulfate was used as received. Inorganic salts were 
further purified by ignition. All the salts were dried for at least 72 h 
before use in a vacuum drying oven. The temperature during drying was 
maintained according to the thermal stability and fusion point of the salt. 
The dried salts were stored under vacuum over P2O5. 
All the organics were used as supplied. 
The water used to prepare the solutions was dimineralized and 
double-distilled in an all-glass (Pyrex) distillation apparatus. The specific 
conductivity of the water was in the range 1 - 2 x 10"^  1^ "' cm"'. 
DjO of 99.4% purity, for the small-angle neutron scattering 
experiments, was supplied by the Heavy Water Division, Bhabha Atomic 
Research Centre (BARC), Mumbai. 
Special care was observed for cleaning the glassware (by immersing 
successively in 1 M NaOH ethanol and 1 M nitric acid baths then by 
rinsing with double-distilled water). 
Stock solutions of SDS (in water containing either a fixed 
concentration of salt or no salt) were prepared by weight. Sample 
solutions were made by taking requisite volumes of additives with the 
help of micropipettes (Hamilton) in standard volumetric flasks and making 
up the volume with the stock solution. The SDS concentration was fixed 
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at 0.3 M throughout the work. After proper mixing, tbe sample solutions 
were kept overnight for equilibration. Prior to measurements these 
solutions were kept at 30 ± 0.1 °C for at least 1 h to attain thermal 
equilibrium. To avoid evaporation, the flasks/viscometer were kept 
properly stoppered during equilibration. 
The temperature was controlled within ± 0.1 °C in a thermostated 
water bath which was designed and assembled in the laboratory with 
commercially available components. 
Instrumental and Experimental Aspects of the Techniques Used 
Small-Angle Neutron Scattering Technique 
Light scattering (LS), small-angle X-ray scattering (SAXS) and 
small-angle neutron scattering (SANS) are the most direct techniques for 
determining the structures of colloidal particles, macromolecules and 
macroions in solution.'^-'^ The technique of SANS is used for studying the 
structure of a material on length scale of 10-1000A.^ ^°"^^^ In particular, 
SANS is used to study the shapes and sizes of the particles dispersed in a 
homogeneous medium. In suitable cases, SANS also provides information 
about interparticle interactions. ^ ^^ •^ '*^ '^ -^''^ '^  
SANS experiment is a diffraction experiment which involves 
scattering of a monochromatic beam of neutrons from the sample and 
measuring the scattered neutron intensity as a function of the scattering 
angle. The wave vector transfer, Q (= 4n sin9/A,, where X is the incident 
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neutron wavelength and 29 is the scattering angle) in these experiments is 
small, typically in range of 10"^  to 1.0 A'^ The wavelength of neutrons 
used for these experiments being 4 - 10 A, the smallest Q occurs at small 
scattering angles (-1°). The technique is, therefore, called small-angle 
neutron scattering. 
In a typical SANS spectrometer, a well coUimated ( AG ~ 0.25°) beam 
of neutrons is transmitted by a monochromator system. This beam is 
scattered by the sample and the angular distribution of the scattered 
neutrons is recorded using a one-dimensional or two-dimensional position 
sensitive detector. 
Scattered neutron intensity in a SANS experiment depends on the 
square, of the difference between the average scattering length densities of 
the particle and the solvent, (p - p^)^; this is referred to as contrast 
factor. SANS signal from micellar solutions increases many times when 
DjO is used instead of HjO. This is due to the fact that the scattering 
length of hydrogen is negative (= - 0.3723 x lO '^^  cm) and that for 
deuterium is positive (= 0.6674 x 10"^ ^ cm). The contrast between the 
particle and the solvent can be increased by deuterating either the solvent 
or the particle. The properties of most of the systems usually do not 
change on replacing HjO ^ DjO. ^ 
/ 
The SANS spectrometer at CIRUS reactor, BARC, Mumbai, is a 
simplified version of the conventional machines (Fig. 2.1). A 10 cm dia 
neutron beam from the reactor is reduced to 1.5 x 1.0 cm^ at the sample 
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Fig. 2.1. Schematic layout of the position sensitive detector (PSD) 
based SANS spectrometer. Bi : bismuth crystal, F : BeO filter, SI : 
slit one, S2 : slit two, M : monitor counter, ST : sample table, PSD: 
position sensitive detector, C : beam catcher. 
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position by using an inpile collimator and slits S, , Sj outside the 
biological shield. The collimator design and the apertures are chosen such 
that sample sees the angular divergence of ± 0.5°. The experiments use 
incident neutrons of mean wavelength 5.2 A with sample-to-detector and 
source-to-detector distances 1.8 m and 7.0 m, respectively. Before 
reaching the sample, the beam from the reactor is allowed to pass through 
a 10 cm long crystal of Bi and a 20 cm long polycrystalline block of BeO. 
Bi is used to remove 7-rays and BeO is used as a monochromator. This 
monochromatic beam has a resolution (A Q/Q) of about 15% at Q = 0.05 
A. The incident neutron flux at sample position is 2 x 10"* neutrons cm"^  
s"'. A 10 X 10 cm^ sample table has been provided to mount the sample. 
The angular distribution of the beam is recorded with a one-
dimensional He^ position sensitive detector (PSD). The detector is housed 
in a massive shielding to reduce the background. The PSD is made up of a 
stainless steel tube filled with He^ gas at 30 psi and Kr at 15 psi pressure. 
Data from the position sensitive detector are stored in a multichannel 
analyzer as intensity vs. channel number. There is a one-to-one 
correspondence between the channel number and the distance R between 
the point of neutron detection and the centre of the incident beam at the 
detector. The scattering angle is given by 29 = tan'^K^Li). where Lj is 
the distance between the sample and the detector. Thus, each channel of 
the multichannel analyzer is related to the corresponding Q value. In a 
SANS experiment, in addition to recording the intensity distribution I^ (Q) 
with the sample, one has to measure two types of backgrounds I^ ,(Q) and 
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Ig(Q). The room background \(Q) is measured by putting cadmium at the 
sample position. Ig(Q) is the residual part of the direct beam and is 
measured without any sample in the beam or by having an empty sample 
holder at the sample position in case such a holder is used in the 
experiment. The measured intensity from the sample IjCQ) is corrected for 
these contributions. The corrected scattered intensity I(Q) of interest from 
the sample is given by^ ^^  
\ ( Q ) - ib(Q) ie(Q) - ib(Q) 
i(Q) 
T T 
s e 
(2.1) 
where T^  is the sample transmission and T^ is the transmission of the 
empty sample holder. I^ CQ), Ib(Q) and Ig(Q) in eq. (2.1) correspond to 
identical monitor counts. 
In a SANS experiment, the sample is usually taken in the form of a 
plate (circular or rectangular), so that it has uniform thickness over the 
beam area. If (dE/dQ) (Q) is the differential scattering cross-section per 
unit volume of the sample, the corrected scattered intensity is given by^ ^^  
dS 
I(Q) = KT t^ (Q) (2.2) 
dfi 
where t is the sample thickness and K a constant which depends on 
instrumental parameters such as incident neutron flux, detector efficiency, 
solid angle subtended by detector element at sample position, etc. 
By combining eqs. (2.1) and (2.2) we get the following expression 
for the scattering cross-section of the sample : 
dZ 1 
— (Q) = — 
dQ Kt 
is(Q) - ib(Q) ie(Q) - ib(Q) 
T T 
s e 
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(2.3) 
The instrumental constant K is determined by recording the data 
from a standard sample {e.g., HjO, vanadium, Porasil-AU, etc.)}'^^ The 
measurement thus provides (dZ/dQ) (Q) in absalute units, namely cm"^ 
All samples were prepared in DjO. The samples were held in 0.5 cm 
pathlength quartz cell. The cell was properly stoppered and thermostated 
at 30 ± 0.5 °C. All the samples contained a constant concentration of 0.3 M 
SDS with varying amounts of salts. 
Vis CO metry 
All fluids possess a definite resistance to change of form. This 
property, a kind of internal friction, is called viscosity. It is expressed in 
dyne-seconds per cm^ or poise. 
Liquids exhibit much greater resistance to flow than gases, 
consequently they have much higher viscosity coefficients. The viscosity 
coefficients of liquids generally increase with increasing pressure, while 
increase in temperature leads to a decrease in viscosity. 
When a solute is added to a liquid its flow properties are altered due 
to change in internal friction of the system. 
Poiseuille proposed an equation for the coefficient of viscosity of a 
liquid passing through a narrow tube. If / is the length of the tube, r its 
radius, p the pressure difference at the ends, T] the coefficient of viscosity. 
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then volume flowing per second through the tube is given by 
V = nprVS/t] (2.4) 
Hence, volume flowing through the tube in t seconds, V, is given by 
V = 7iprV8/T] (2.5) 
or rj = Ttpr^ t/S/V (2.6) 
If we measure the time of flow of the same volume of two different 
liquids through same capillary then the ratio of the viscosity coefficients 
(77^ ) of the two liquids is given by 
rir = n/ri„ = (Ttpr t^/S/V) x (8/V/7tp/t„) (2.7) 
= Pt/Poto 
Since pressure is proportional to the density we have, 
Hr = d t/d„t„ (2.8) 
where d and d^^ are the densities of the solution and solvent and t^^ is the 
flow time of the solvent. Ozeki and Ikeda^°° found density corrections to 
be negligible, T]^  values may, therefore, be calculated using equation 
^r = t/to (2.9) 
Aqueous surfactant solutions containing spherical micelles are 
generally isotropic and of low viscosity.'^' Addition of salts or organic 
additives usually changes the shape/size of the micelles which is often 
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reflected by the change in viscosity.^^^ Micellar growth is accompanied by 
a distinct rise in viscosity while a solution of swollen micelles has 
distinctly less viscosity. ^ °^  
In view of the fact that viscosity is sensitive to the shape/size of the 
microscopic objects in a homogeneous suspension, one can expect the 
evolution of micellar shape to be reflected in the viscosity variation. 
In the present investigations viscosities of the solutions were 
measured in an Ubbelohde viscometer. At higher additive/salt 
concentrations viscosities were found to be dependent on the rate of flow. 
To obtain viscosity values under Newtonian flow conditions, a wide U-
shaped tube containing water was connected to the branch of the 
viscometer."' This arrangement allowed us to vary the pressure (p) under 
which the solution flows and one can obtain viscosity values (T]) from the 
slope of the straight line p vs. 1/t. 
Chapter - / / / 
SANS Studies on Sodium Dodecyl 
Sulfate - Quaternary Ammonium 
Bromide Systems 
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Introduction 
Micelles are often drawn as static structures of spherical aggregates 
of oriented molecules near cmc. In case of ionic micelles, the morphology 
is generally modified by the addition of suitable counterions.'''^ Depending 
on their exact nature, counterions may bind differently to the micelle and 
have important consequences on electrical double-layer, and both on inter-
and intra-micellar interactions as well.^ ^^ 
The long range forces that are acting in micellar systems are the 
electrostatic repulsion and the attractive dispersion interactions. The 
former is very strong at short distances but in salt solutions it decays 
exponentially due to screening. The dispersion forces are weaker but they 
decay more slowly. The driving forces for the formation of a periodic 
structure is then a damping of repulsive forces within the boundaries of 
the solvent medium. Addition of salt should reduce the repulsion among 
the aggregates and thus the system is less prone for formation of ordered 
structures. On the other hand, salt addition causes micellar growth which 
in itself should increase the tendency of forming ordered structures. It is 
not straight forward to judge which of the two effects is dominating and, 
depending on the system, addition of salt can both destroy and induce 
micellar structuring in the solution. As a rule of thumb, less hydrated ions 
lead to higher counterion binding in surfactant aggregates.'^'^ This will 
have drastic consequences towards the micellar growth. Several reports 
indicate that change from Na"^  to Cs^ induces micellar growth which is 
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related to the hydration of specific counterion.''"'^'''' A similar role is 
played by anions in aggregation behavior of cationic surfactants.^ '^"* 
In contrast to inorganic counterions, R^'N'^ ions are essentially non-
hydrated. These have been found to displace loosely bound Na"^  in the 
micelles composed of decylphosphate monoanions by increasing the ionic 
strength and lowering the cmc but cannot displace Na"*^  ions tightly 
associated with the head groups. K^^"*" ions are "wrapped in a plastic bag" 
and cannot interact specifically, but only coulombically with anionic head 
groups and hydrophobically with exposed hydrocarbons at the micellar 
surface. A detailed account of SDS micelles in presence of simple 
inorganic counterions can be found in the literature.^ '^'•'''''''''''^ ''•^^^••"^^ 
Recently, counterion effect with R^^"" type cations is gaining recognition 
in micellar systems.^ ^^"^ '^ An interesting cloud-point phenomenon and 
micellar growth behavior was reported by Yu and Xu with n-Bu^NBr and 
anionic surfactant.^'^-^'^ Structural interactions in aqueous solutions of 
these ions have been interpreted as showing that solvent-induced attractive 
forces exist between two hydrophobic solutes and repulsive forces 
between a hydrophobic solute and a hydrophilic one.^ '"*-^ '^  These 
interpretations would suggest that structural interactions are involved in 
salting-out of non-electrolytes capable of hydrophobic interactions by 
hydrophilic salts, e.g., NH^Br and Me4NBr; and salting-in by hydrophobic 
salts, e.g., w-Pr^ NBr and n-Bu^NBr. The effectiveness of cations to salt-
out is in the order : 
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K+ > Na+ > NH% ~ Me4N+ > Et4N+ > «-Pr4N-' > «-Bu4N+ 
The sequence shows that the salting-out efficiency decreases with 
increase in both the ion size^^^ and the ability of the ion to alter the degree 
of structure in water (hydrophobic bonding). R4N salts exhibit an 
ambivalent nature in aqueous solutions. In these ions the single positive 
charge is buried in a paraffin shell. The salting-in effects of these salts are 
in contrast to the salting-out effects of the small inorganic salts. 
Mostly, shape/size of the micelles depends upon the actual packing 
parameters in the micellar assembly.'•''•'^^ The addition of different types 
of molecules leads to large deviations of packing parameters. Many 
counterions/cosurfactants are strongly adsorbed at the micellar interface : 
depending on the amount of penetration, this may change the mean 
distance between the polar head groups or increase the volume of the 
micellar core.'15,206.260,316 
In many studies it was shown that, above a single concentration of 
electrolytes, micellar shape transforms from spherical to 
cylinderical.'34.177.184,311,317 Typical values of 1:1 electrolyte 
concentrations to initiate spherical to cylindrical transitions are relatively 
high. Most of the time these studies were performed using inorganic salts. 
Since R^ N"^  cations modify the structure of water around them in a similar 
way as some simple hydrocarbons do, it could be of considerable interest 
to see how this interaction affects the shape/size of the micelles. The 
reason for selecting R^N salts in this study originates from the fact that 
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the degree of hydrogen bonding in water alters dramatically along this 
series of salts,-'^ ^ e.g., NH"^ ^ to w-Bu^ N"^ . 
Visualizing the significant properties of R^N"*^  cations it was thought 
worthwhile to persue a study in order to understand the role of counterion 
size in concentrated micellar solutions. In the following pages SANS 
studies performed on 0.3 M SDS solutions containing varying amounts of 
R4N bromides (R = CjHj and n-Cj^Hj) are described. 
Results 
The SANS spectra for the 0.3 M SDS/DjO with and without added 
R^NBr salts are shown in Figs. 3.1 and 3.2. The presence of a peak in the 
measured distribution is indicative of the formation of aggregates within 
the solution. ^ ^^  The peak shifts to lower Q values on addition of salts. This 
indicates that micelles grow in size by salt addition. The positions and 
change in the measured distribution as a function of Q depends not only 
on the structure, size, and number of aggregates but also on interactions 
between them. These parameters can be determined by-analyzing the 
SANS curves with the aid of models. \ f 
Data treatment I" O^ -~^ y 
The raw data were corrected for the background,' elip;ty cell 
scattering and sample transmission. The corrected intensities were 
normalized to absolute cross-section units and thus dX/dQ V5. Q was 
obtained. The experimental data points were fitted by adopting the 
routines as described by Hayter and Penfold^"'^'^ and Chen and 
coworkers.^ ^2-^ 2^ The data have not been corrected for resolution 
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Fig. 3.1. SANS spectra from 0.3M SDS + (C2H5)4NBr systems at 
30 °C as a function of (C2H5)4NBr concentration. Solid lines are 
theoretical fits based on Hayter and Penfold-type analysis. The 
spectra are shifted vertically by 0, 2, 4 and 6 units, respectively 
for clarity of presentation. 
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Fig. 3.2. SANS spectra from 0.3M SDS + (n-C3H7)^NBr syrtems at 
30 ^^C as a function of («-C3H7)4NBr concentration. The spectra are 
shifted vertically by 0, 2, 4 and 6 units, respectively. 
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effects. Analysis of a limited set of data showed that resolution 
corrections do not alter the aggregation number of the micelle, 
especially when SANS data show a peak. The residuals in the 
fitting were negligible. 
Data Analysis 
The relevant SANS theory is summarized as : For homogeneous 
monodisperse micelles of volume V present at number density np 
and of coherent length density Pp, dispersed in a medium of 
scattering length density p^ ,^ the coherent differential scattering cross-
section (dl/dQ) may be written ^s^^o,i9i,i')z,in,i\9M\ 
dS/dn = Up Vp2 (Pp - p j 2 p(Q) s(Q) + B (3.1) 
where P(Q) is the single (orientationally averaged) particle form 
factor which depends on the size and shape of the particle and S(Q) 
is the interparticle structure factor. B is a constant term that 
represents the incoherent scattering, which is mainly due to hydrogen 
atoms in the sample. For the analysis, we assume the micelles to be 
monodisperse prolate ellipsoids, (a=b9ic), where the sphere is a 
special case. It may be mentioned, however, that elongated micelles 
usually tend to be of varying sizes and may not be monodisperse, 
but eq. (3.1) is not valid for the polydisperse system. It was further 
assumed that the micelles have a hydrophobic core composed of 
hydrocarbon tails of the dodecyl sulfate and a hydrated hydrophilic 
shell composed of head groups (OSOj"), some fraction of Na^, R4N ,^ 
and the solvent molecules (D^O). In fact, the interfacial thickness of 
the pure SDS micelle is about 5.5A.'*^ Also, ionic radii of the salt 
cations are 4.0 A (R = C2H5) and 4.52 A (R = n-C^}\^)}^^ In the 
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light of these facts it is conceivable that most of these ions will 
find shelter in the hydrophilic shell. The scattering contribution from 
the hydrophilic shell is much weaker than that of micellar core for 
neutron scattering. Consequently, the scattering from the species other 
than the micellar core is treated as a flat background contributed to 
B. Although we are aware of the limitations of such assumptions, it 
is not possible to get information on size distributions of micelles 
from the present data because of the involvement of too many 
unknown parameters in the data analysis. Thus, in the present 
analysis we have assumed the system to be monodisperse to avoid 
additional complexities. 
The aggregation number (n) for the micelle is related to the Vp 
by the relation n = V /v, where v is the volume of surfactant 
monomer. P(Q) for anisotropic micelle {e.g., ellipsoidal) is given by. 
rl 
P(Q) = Jo [F(Q' ^^)l' ^\^ (3-2) 
The form factor F(Q, (i) is given by 
F(Q,|i) = 3 (sinco - cocoscoVo^ (3.3) 
where (o = Q [a^ p,^  + c^  (l-|i.2)]i/2 ^^jj ^ g^ j^^ g cosine of the angle 
between the axis of revolution and Q. Therefore, P(Q) is dependent 
on a and c. 
The value of a used is 16.7 A, which is equal to the length of 
the surfactant monomer (IJ.^ The volume of SDS monomer was 
taken to be 350.2 A\ as given by Tanford's formula.^ S(Q) was 
calculated using standard methods.^ ^ -^^ ^^ This theory is applicable if 
there is no angular correlation between the micelles which is 
reasonable for charged micelles. It may be mentioned that a 
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satisfactory data analysis method for charged rod shaped micelles 
have not yet been developed. 
In this analysis the calculated spectra have only two free 
parameters, viz., a and c or n. 
Discussion 
The model discussed above was fitted to our experimental data 
and yielded excellent agreement with all scattering curves, as evidenced 
in Figs. 3.1 and 3.2, where the solid lines are always the calculated 
curves. The values of n, a, a(=b), c and c/a are given in Table 3.1. The 
n value of 0.3 M SDS micelle with 0.1 M R^NBr first decreases and 
then increases as the length of R-part increases. As expected, less 
hydrated ions lead to stronger counterion binding to head groups in the 
micelles.'^ '*'^ '^* For such cases higher micellar growth were 
reported ^ ''^ '^ ^^  As one moves from R = H to R = n-C^Hj, the cation 
hydration decreases dramatically.^^'' Therefore, n should increase 
continuously for R = H to R = n-C^¥lj. If we consider the hydrated 
size of the counterion as parameter of increasing n,^ '^'*'* then it should 
decrease from R = H to R = n-CjRj. Our results for n do not fit in 
any of the above generalizations. This shows that more than one factor 
is controlling the growth of SDS micelles. From R = H to R = CjHj, 
the n value decreases which seems to be governed by increase in 
hydrated size. In this case the adsorption of counterion on negatively 
charged SDS micelle is the dominant factor, as bigger size of the ion 
will cause it to be less effective in reducing the steric constraints 
(damping of electrostatic interactions which is responsible for large 
micelles). Therefore, n value will be more with R = H than R = C^Hj 
and support the earlier findings.^^•''''' The increase in n values with 
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TABLE - 3.1 
Micellar parameters for 0.3 M SDS with R^NBr obtained from 
Hayter-Penfold type analysis at 30 °C (data of NaBr and KBr are 
also included*) 
[Salt] 
(M) 
no salt 
NaBr 
0.1 
KBr 
0.1 
R = H^ 
0.1 
R = CH3^ 
0.1 
R = CjHj 
0.1 
0.2 
0.3 
R = n-C^H^ 
0.1 
0.2 
0.3 
n 
110 
127 
153 
150 
130 
128 
133 
135 
134 
145 
1 148 
a 
0.14 
0.16 
0.13 
0.14 
0.15 
0.15 
0.14 
0.14 
0.15 
0.12 
0.11 
a=b 
(A) 
16.7 
16.7 
16.7 
16.7 
167 
16.7 
16.7 
16.7 
16.7 
16.7 
16.7 
c 
(A) 
33.4 
36.7 
45.3 
44.4 
39.0 
38.4 
39.9 
40.5 
40.2 
43.5 
44.3 
c/a 
2.00 
2.20 
2.71 
2.66 
2.33 
2.30 
2.39 
2.43 
2.41 
2.61 
2.65 
V.K. Aswal, private communication. 
'Data from ref. 145. 
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R = n-C^Uj cannot be explained with the above mechanism. However, 
it is experimentally observed tiiat micelles are.bigger (of greater c value, 
Table 3.1) with this counterion; therefore, exploration of other 
possiblities is required. Compared to earlier members (R = CH3 or 
CjHj), the latter (R = n-C^U-j) is essentially less hydrated and, 
therefore, will have comparatively less objections against binding to the 
micelle. Further, the latter ion can also interact hydrophobically with 
few exposed hydrocarbon chains at the micellar surface. For such type 
of counterions an effect on the electrostatic energy is also possible, 
both directly, because the bulkiness of the ions keeps the +ve and -ve 
charges apart, and indirectly, via a decrease of the electric permittivity 
at the micelle surface when the bigger R-part gets inserted between the 
head groups (intercalation). The intercalation of such counterions will 
decrease the electrostatic interactions in addition to increased 
hydrophobic interactions. The decrease in a-values with R = w-CjH^ 
supports the point. It may be mentioned here that a favorable 
conformation of such ions near micellar surface is hard to predict, but 
it is proposed that few of these short chains can penetrate the micellar 
surface.''* '^^ ^^ 
Fig. 3.3 shows the variation of n with the counterion hydrated 
radii. ^ ^^ ' ^^ ^ It could be seen that counterions having closer hydrated 
radii (i.e., Na+ (3.6 A) and (CH3)4N^(3.67 A) or K^(3.3 A) and 
N H / (3.31 A)) show similar effect on n value of SDS micelle. At 
first sight it looks that n depends distinctly on the hydrated radius 
of a counterion, but weakly on its nature (whether it belongs to 
inorganic or quaternary ammonium category). This seems true only 
for hydrated counterions. 
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200k 
150h 
100 
Fig. 3.3. Variation of aggregation number (n) of 0.3M SDS + 
O.IM XBr (X may be inorganic or quaternary ammonium 
counterion) with hydrated counterion radius (r) • K"^  ( • ) NH."^(©) 
Na^(C), (CH3)4N^((I), (C^U,\-N\0), (n-C,H,)^-N\Q)). 
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It was suggested earlier that the free alkyl chains near micellar 
surface can act as a bridge linking two micelles together.^^^ Our data 
do not suggest such a possibility as this situation will increase n value 
drastically. The dependence of n on length of R with increasing 
[R^NBr] (Table 3.1) suggests that a situation may arise where increase 
in number of carbon atoms in R or increase in [SDS] may cause closer 
contact of micelles (or a collapse of micelles in the extreme situation). 
The start of an increase in n for w-CjH^ salt suggests that the 
idea of partial intercalation of counterions is reasonable. Studies on 
such systems may produce few R^NBr + SDS combinations where 
cloud-point phenomenon may occur (which are rarely seen with ionic 
surfactants). The idea has indeed found strong support as appearance 
of cloud-point phenomenon in SDS + (n-C4H9)4NBr system has 
successfully been demonstrated in our laboratory.^^^ 
Chapter - IV 
Viscometric Studies on Sodium 
Dodecyl Sulfate - Salt-Aliphatic 
Amine Systems 
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Introduction 
Micellar association in presence of organic additives has been 
extensively examined during the past two decades. The exclusive attention 
given to these systems is the result of the fact that surfactants are always 
used in combination with one or more additives simultaneously for their 
applications.^ ^^ •^ ^^ ••'^ •^•'^ •^•'^ ^ Surfactant solutions have a general tendency 
to solubilize a certain amount of organic additives. The environment of 
solubilization of different additives in or around micelles can be correlated 
with their structural organizations and mutual interactions. ^ ^^ '^ *^ There are 
many factors, including nature and concentration of additive(s), which 
determine the shape of the micelle. Micellar morphology involves the 
nature of the head and tail groups of the surfactant.''' Surfactants with 
lesser a^ tend to form larger, less curved or even reversed structures. For 
ionic surfactants, the above area shrinking effect may be achieved by 
addition of a counterion (salt) or a suitable organic additive (cosurfactant). 
Surfactant solutions containing spherical micelles are isotropic and 
of low viscosity.^°^ The presence of reasonably long rodlike micelles in 
the solution impa/ts higher viscosity to the solution.^°^ It has been 
proposed that interfacial partitioning of organic additives causes micellar 
growth while interior solubilization produces swollen micelles.'"' These 
two types of micelles impart different viscosity behavior to micellar 
solutions. 
Drastic change in viscosity behavior have been observed in cases of 
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the simultaneous presence of salts and organic additives. Further, it was 
found that the location/partitioning of the additive at different regions of 
the micelle played a crucial role towards its effect on micellar structure 
and growth. SANS data showed that a unidimensional growth took place 
when quaternary ammonium salts or aliphatic amines were added to SDS 
micelles.'^ '^^ '*^ With CPB, an opposite viscosity behavior to that of simple 
inorganic salts was found when aromatic hydrocarbons were added in 
presence of rt-Bu4NBr. In case of anionic SDS, it is possible that Bu^N^ 
could exist near the micellar surface with one (or more) «-butyl chain(s) 
intercalated between the head groups (extension of palisade layer towards 
bulk water).''*^'^'^ On the other hand, «-alkylamines, due to their 
hydrophobic and polar characters, could also partition in the head group 
region of the SDS micelle.^ ^ -^^ ^^ Therefore, it will be interesting to see the 
effect of the simultaneous presence of above two ciasses of additives 
having preference for similar solubilization sites. 
The purpose of the present study is, therefore, to see the viscosity 
behavior of SDS micellar solutions in presence of a variety of counterions 
and coions present concurrently with an organic additive. The nature of 
these ions may influence the partitioning content of the organics at 
different solubilization regions with a concomitant change in the micellar 
growth (or viscosity).^^^ With this view point the viscometric studies have 
been performed on aqueous anionic SDS micellar solutions with aliphatic 
amines (C^NHj or CgNHj) across their entire composition range (until the 
phase boundary of the Lj phase is reached) in the presence of salts of 
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different categories, viz. 
(i) a. inorganic salts : NaCl, NaBr, NaSCN,.LiCl, KCl, RbCl; 
b. organic salts : NaSal, NaBen, NaTos, NaAn; and 
(ii) symmetrical quaternary bromides : NH^Br, Me^NBr, Et^NBr, n-
Pr^NBr, n-Bu4NBr, «-Bu4PBr, «-Am4NBr. 
Results 
The relative viscosities (T]J.) of 0.3 M SDS micellar solutions with 
different R^NBr salts and «-alkylamines at 30 °C are given in Tables 4.1-
4.4. Similar T)j.-data with inorganic salts and salts with organic colons are 
tabulated in Tables 4.5-4.8. T]^  variations with [alkylamine] containing 
different types of salts are shown in Figs. 4.1-4.8. 
Discussion 
It is known that micelles grow from globular*to worm-like (rod 
shaped) on addition of salts. Mukerjee^^^ had proposed that an additive 
which is surface active to a hydrocarbon-water interface will be mainly 
solubilized at the head group region and will promote micellar growth. 
Amines, which may exist in protonated form (eq. 4.1), have been found 
more effective with anionic surfactants.^^' 
R - NHj + HjO ^ R-NHj-' + OH" (4.1) 
"^ : 
Further, it has been reported that R^NBr produce micellar growth with 
SJ3S 145 jjjg results embodied herein are discussed in the light of these facts. 
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TABLE - 4.3 
Effect of addition of /i-heptylamine on the viscosity of 0.3 M SDS + x 
M tetra-zt-butylammonium bromide at 30 °C. 
[heptylamine] 
(mol dnr^) 
0 
0.012 
0.017 
0.033 
0.045 
0.060 
0.075 
0.090 
0.110 
0.120 
0.138 
0.164 
0.179 
0.181 
0.227 
0.276 
x-*0.0 
2.03 
1.96 
-
1.93 
1.95 
2.06 
-
3.27 
4.81 
-
8.85 
(turbid) 
0.05 
1.84 
2.16 
-
4.03 
6.50 
12.95 
36.54 
80.23 
235.38 
-
352.77 
269.59 
311.07 
(turbid) 
Vr 
0.10 
7.70 
-
21.09 
-
51.00 
97.41 
92.79" 
92.60 
100.81 
100.08 
51.27 
85.25 
-
65.04 
36.87 
(turbid) 
0.20 
14.05 
-
-
16.77 
-
17.49 
-
-
18.25 
-
17.36 
-
-
18.88 
18.17 
16.36 
(turbid) 
0.30 
8.46 
-
-
9.26 
-
9.75 
-
-
10.65 
-
11.01 
-
10.96 
(turbid) 
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TABLE - 4.4 
Effect of addition of «-octylamine on the viscosity of 0.3 M SDS + x M 
tetra-zi-butylammonium bromide at 30 °C. 
[octylamine] 
(mol dm"^) 
0 
0.010 
0.026 
0.046 
0.052 
0.060 
0.078 
0.094 
0.100 
0.104 
0.110 
0.134 
0.148 
x-»0.0 
2.03 
-
1.97 
-
2.07 
-
2.89 
5.51 
(turbid) 
^r 
0.10 
7.70 
15.86 
33.78 
77.48 
-
96.45 
131.63 
-
166.22 
(turbid) 
0.20 
14.05 
-
18.39 
-
22.20 
-
26.21 
-
• 
-
24.46 
-
22.71 
(turbid) 
0.30 
8.46 
-
9.76 
-
11.49 
-
11.89 
-
-
17.44 
-
13.98 
(turbid) 
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TABLE - 4.5 
Effect of addition of/i-heptylamine on the viscosity of 0.3 M SDS + 0.1 
M univalent salts at 30 °C. 
[heptylamine] 
(mol dm'^) 
0 
0.012 
0.030 
0.033 
0.045 
0.060 
0.075 
0.090 
0.110 
0.116 
0.126 
0.130 
Salt->LiCI 
1.64 
1.62 
-
1.71 
1.82 
2.11 
3.36 
8.11 
14.23 
-
-
73.53 
(turbid) 
Hr 
NaCI 
1.48 
1.62 
2.02 
-
2.50 
3.38 
10.20 
17.19 
(turbid) 
KCI 
1.59 
1.65 
-
2.39 
3.73 
8.77 
29.29 
85.42 
-
900.78 
(turbid) 
RbCI 
1.58 
1.68 
-
2.69 
3.85 
10.70 
30,84 
132.75 
1242.45 
-
2321.57 
(turbid) 
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TABLE - 4.6 
Effect of addition of «-octyIamine on the viscosity of 0.3 M SDS + 0.1 
M univalent salts at 30 "C. 
[octylamine] 
(mol dm""^ ) 
0 
0.010 
0.012 
0.026 
0.032 
0.040 
0.048 
0.052 
0.070 
0.086 
Salt-^LiCI 
1.57 
1.60 
-
1.64 
-
1.79 
-
2.25 
4.18 
8.66 
(turbid) 
^r 
NaCI 
1.48 
1.60 
-
1.71 
1.88 
-
2.65 
(turbid) 
KCI 
1.53 
1.59 
-
2.09 
-
3.60 
-
5.64 
(turbid) 
RbCI 
1.60 
-
1.62 
2.14 
-
4.18 
-
8.59 
30.46 
(turbid) 
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TABLE - 4.7 
Effect of addition of/i-heptylamine on the viscosity of 0.3 M SDS + 0.1 
M univalent salts at 30 °C. 
[heptylamine] 
t i l l \^ I ^d 1 1 1 1 
0 
0.012 
0.030 
0.033 
0.045 
0.060 
0.075 
0.090 
0.108 
0.112 
0.120 
0.150 
Salt->NaCI 
1.48 
1.62 
2.02 
-
2.50 
3.38 
10.20 
17.19 
(turbid) 
^r 
NaBr 
1.55 
1.58 
1.67 
-
1.98 
2.84 
5.46 
13.54 
45.40 
-
101.49 
780.55 
(turbid) 
NaSCN 
1.59 
1.68 
-
1.79 
2.15 
3.24 
6.52 
15.90 
-
124.68 
(turbid) 
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TABLE - 4.8 
Effect of addition of/i-heptylamine on the viscosity of 0.3 M SDS + 0.1 
M univalent salts at 30 °C. 
[heptylamine] 
(mol dm"^) 
0 
0.012 
0.015 
0.030 
0.046 
0.060 
0.075 
0.090 
0.099 
0.105 
0.120 
0.126 
0.132 
0.144 
Salt-^NaBenz 
1.64 
1.64 
-
1.76 
1.99 
2.71 
4.54 
8.19 
-
18.71 
73.38 
-
-
658.52 
(turbid) 
nr 
NaSal 
1.63 
1.66 
-
1.72 
1.88 
2.30 
3.98 
7.40 
-
14.88 
35.16 
-
75.20 
(turbid) 
NaAn 
1.69 
1.69 
-
1.72 
2.07 
2.88 
4.96 
10.91 
-
28.86 
-
141.17 
(turbid) 
NaTos 
1.69 
-
1.65 
1.68 
1.82 
2.16 
2.89 
-
8.18 
(turbid) 
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C 
0.10 0.20 
Cn-Hepty lomineD (mol dm"3 ) 
Fig. 4.1. Relative viscosities (r)^) of 0.3 M SDS + 0.1 M R^NBr micellar 
solutions as a function of added «-heptylamine (up to the solubility limit 
indicated by dotted lines) at 30 °C : R= H(0), CH3 (A), CjHg (D), n-C^R^ 
(d), n-C^Hp (•), w-C^Hjj (0); • stands for tetra-n-butyl phosphonium 
bromide; in-C^U^)4PBT ,9 stands to without any salt. 
T 
, T-1552^ 
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Cn-0ctylQmine3 (moldm"^) 
Fig. 4.2. Relative viscosities (rjr) of 0.3 M SDS + 0.1 M R^NBr micellar 
solutions as a function of added w-octylamine (up to the solubility limit 
indicated by dotted lines) at 30 °C : R= H(0), CH3 (A), CjHj (D), 
n-C^U^ (9), n-C^U^ (•), w-CjH,! (0); I stands for tetra-«-butyl 
phosphonium bromide, («-C4H5)^PBr ;© stands to without any salt. 
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. 1.0-
0.10 0.20 
C n - H e p t y l o m i n e I] (mo l dm-3 ) 
Fig. 4.3. Relative viscosities (T]^ .) of 0.3 M SDS micellar solutions as a 
function of added «-heptylamine (up to the solubility limit indicated by 
dotted lines) at various fixed concentrations (x) of (n-C^H^)^'NBT at 
30 °C : X =0.0 (©); 0.05 (O); 0.1(»); 0.2 («); 0.3 M (®). 
0.30 
80 
c 
0.0 0.10 
C n-OctylQmine 3 ( mol dm-^ ) 
Fig. 4.4. Relative viscosities (T]^) of 0.3 M SDS micellar solutions as a 
function of added n-octylamine (up to the solubility limit indicated by 
dotted lines) at various fixed concentrations (x) of («-C4H5)4NBr at 
30 °C : X = 0.0 (©); 0.1 (•); 0.2 O) ; 0.3 M (©) . 
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0.0 0.10 
Cn- HeptylQmine 3 (mol c lm-3) 
Fig. 4.5. Relative viscosities (T]^) of 0.3 M SDS + 0.1 M MCI micellar 
solutions as a function of added n- heptylamine (up to the solubility limit 
indicated by dotted lines) at 30 °C : M = Li ( • ) Na ( • ) ; K (A); Rb (0). 
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C n - 0 c t y l a m i n e 3 ((r\ol dm~3) 
Fig. 4.6. Relative viscosities (T]^) of 0.3 M SDS + 0.1 M MCI micellar 
solutions as a function of added «-octylamine (up to the solubility limit 
indicated by dotted lines) at 30 °C : M = Li ( ! ) Na (•); K (A); Rb (0). 
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Jtr 
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C n - H e p t y lamine 1 ( m o l d m " ^ ) 
Fig. 4.7. Relative viscosities {i)^) of 0.3 M SDS + 0.1 M NaX micellar 
solutions as a function of added «-heptylamine (up to the solubility limit 
indicated by dotted lines) at 30 °C : X = CI (•); Br (A); SCN (D). 
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7.0 
6.0 
5.0 
^.0 
3.0 
2.0 
1.0 
0 
1 
T\ 
y7 1 
/ / \ 
L P^ 
m / 1 
^ y 1 
— Jw(/^ 
1 
0.0 0.10 
C n - H e p t y l a m i n e D ( m o l d m - 3 ) 
Fig. 4.8. Relative viscosities (j]^) of 0.3 M SDS + 0.1 M NaY micellar 
solutions as a function of added w-heptylamine (upto solubility limit) at 
30 °C : Y = Sal (A); Ben (•); An (0); Tos (D). • 
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Figs. 4.1 and 4.2 show the viscosity variation of 0.3 M SDS micellar 
solutions (with or without 0.1 M quaternary ammonium or phosphonium 
bromides) on addition of amines. The viscosity remains almost constant 
when amines were added gradually (without salt) but a distinct rise in 
viscosity at higher [amine] can be seen. Amines have been found to be 
solubilized in SDS micelles by electrostatic and hydrophobic effects with 
amine groups left on the micellar surface.^ -'^  The SDS/amine association 
will reduce a^. Also, because of intercalation of the protonated amine, the 
alkyl part of amine would exist between two SDS monomeric chains. This 
penetration will result in increasing the volume of the micellar core, 
which is equivalent to increasing the volume of hydrophobic portion of 
the SDS molecule, v.^ ^^  This seems to result in increase in R^^^ which is 
responsible for micellar growth and increase in viscosity of the 0.3 M 
SDS solution. 
In presence of NH^Br, the viscosity increase was steeper than with 
other salts. This is possibly due to the fact that NH^ "^  size (hydrated) is 
smaller than other R4N'^  studied here. In this case NH^ "^  screens out 
negative charge of the SDS micelle which is responsible for larger 
micellds and higher viscosities.^ '^^  In the light of higher hydrated size of 
Me^ N"^  and Et^ N"*" ions the viscosity behavior with amine addition can be 
understood. The viscosity variation with w-Pr^ N^ ion again shows a 
peculiar behavior which cannot be discussed in the light of hydrated size 
terms as it has bigger size but still has higher viscosities of the solutions 
than of Me^ N"^  or Et^ N"^  in the lower amine concentration range. Further, 
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increase in alkyl part of R4NBr showed a drastic change in viscosity 
variation. Such an organic ion having number of hydrocarbon moieties has 
large hydrophobic volume, and some of these four short alkyl chains may 
penetrate the micelle due to the hydrophobic effect. On the other side, the 
geometric requirement makes it infeasible for all four chains to penetrate 
into micellar hydrocarbon region as proposed earlier."'^ At least two 
chains should be located at the anionic micellar surface layer in contact 
with water, which forms an iceberg structure around the chains.^^^ 
Generally two directions may be chosen for bending the alkyl chains : one 
is towards the water phase and the other penetrates the micellar 
hydrocarbon region. In a SANS study it was shown that micellar growth 
(and also increase in aggregation number) takes place in presence of n-
alkylamines in 0.3 M SDS, due to palisade solubilization of amines.'^^ 
Here also the initial viscosity increase of 0.3 M SDS+0.1 M R^NBr (where 
R > n-C^Hj) system on addition of amine may be due to the modification 
of packing parameter with a simultaneous micellar growth. In this situation 
one or more alkyl chain(s) of R^NBr salts and alkyl chain of amine will be 
positioned at the same micellar solubilization site (between surfactant 
monomers) and be quickly saturated for such solubilization as the amine 
content is increased. At higher amine content, the solubilization of 
additional amine will be either inside the micelle (core region) or in the 
exterior of the micelle. Perusal of Figs. 4.1 and 4.2 show that with 0.1 M 
R4NBr (R=«-C4H9 or higher) a constancy in viscosity is observed at fairly 
higher amine content. As mentioned earlier, amine is slightly protonated 
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and has hydrophilic NH^ group, therefore, in presence of anionic SDS 
micelles it will prefer surface region and its core solubilization can be 
safely ruled out. As palisade layer is saturated with alkyl chains of the 
symmetrical quaternary salts and a part of amine content, the additional 
amine could be solubilized in the exterior region of SDS micelles where 
remaining alkyl chains of R^NBr salts exist and may produce another 
hydrophobic region around the micelle. This C^NHj solubilization in 
micelle exterior will not affect the micellar growth and the viscosity, 
therefore, will remain constant as indeed observed in Figs. 4.1 and 4.2. 
Similar reasoning were put forth earlier to explain the effect of addition of 
phenol on viscosities of ionic micellar solutions.^^^"^ The mechanism 
seems conceivable for w-Bu^PBr and w-Am^NBr as well as for alkyl chain 
length effect of amines in the light of overall viscosity data. 
Data in Fig. 4.3 are self explanatory for the mechanism we have 
pulfforth for explaining the behavior in Figs. 4.1 and 4.2. As we see, the 
viscosity rises steeply as we move from 0 to 0.05 M concentration of 
Bu^NBr. In this case enough space is left in micellar palisade layer after 
filling butyl chains of Bu^NBr in it. At higher C^NH^ content a small 
plateau region is also observed which could be an indication of saturation 
of palisade region by the alkyl chains of C7NH2 as well as of Bu^NBr. 
This effect is much more pronounced when [Bu^NBr] was increased 
to 0.1 M with a wider plateau region. On further increase of Bu^NBr 
content to 0.2 or 0.3 M, no change in viscosity on addition of C^NHj is 
found. This may be due to the fact that at higher Bu^NBr concentration 
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there is no room left for C^NHj to solubilize in palisade layer with only 
choice to solubilize in micellar exterior. This confirms earlier findings 
that palisade solubilization of an organic additive is most important to 
observe micellar growth in surfactant systems.'^^•^^''•"^•"'* Fig. 4.4 shows 
the viscosity data with n-CgNHj additions. Here also only a little effect of 
alkyl chain length of amine could be seen and overall behavior was similar 
to that of C7NH2 addition. The difference observed is in overall CgNHj 
content solubilized in the system which is obvious due to higher 
hydrophobic volume. 
To compare the behavior of symmetrical quaternary counterions with 
simple inorganic counterions, studies were performed with alkali metal 
chlorides and data are shown in Figs. 4.5 and 4.6. Results of Figs. 4.1 and 4.5 
show that alkali metal counterions behave as NH^ "^  or lower members of the 
quaternary ammonium bromides, with no plateau region. These ions exist 
(adsorbed) at the micellar surface and have no reason to occupy sites in the 
palisade layer.•'^ '^ •^^ ^^  Therefore, all added amine would go inside the palisade 
layer with a continuous increase in viscosity. The magnitude of viscosity at 
constant salt and amine contents follows the order : Li^ < Na^ < K"^  < Rb .^ 
Nguyen and Bertrand^^^ observed that alkali metal ions and «-pentanol have 
cooperative effects inducing the sphere-rod transition and follow the same 
order. This is in qualitative agreement with our observation. The 
effectiveness of counterions in facilitating micellar growth (viscosity 
increase) follows the order of decreasing hydrated size or increasing ionic 
crystal radius. This order was also observed by Missel et al. ^^ ^ 
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Figs. 4.7 and 4,8 are devoted to see the effect of variety of coions on 
viscosity (micellar growth) behavior of 0.3 M SDS with continuous 
addition of C^NHj. The shapes of the viscosity curves with various sodium 
halides are similar with a small difference in the viscosity at higher 
[C7NH2] region. This difference in viscosity must be caused by the effect 
of colon species on hydrophobic interaction in the micelle formation or 
the extent of destruction of the hydrogen bonded structure of water. 
However, this effect has little influence on micellar growth as compared to 
counterion. Huisman^^^ determined the micelle molecular weight of SDS 
in presence of 0.1 M NaX (X : halide) and found that the micellar 
molecular weight was dependent on the colon species of the added salt in 
the order: NaF > NaCl > NaBr > Nal. Our viscosity results for NaCl and 
NaBr seems to follow the order. The general trend is that the content of 
C7NH2 needed for producing steep rise in viscosity is nearly independent 
of the hydrated anion size which again confirms that alkali metal 
counterions and C^NHj exist at different regions and coions have little 
effect on micellar growth. Variation of organic coions (Fig. 4.8) also show 
similar effect as the inorganic coions (Fig. 4.7). This means that the small 
hydrophobic volume (which these organic coions have) does not influence 
the partitioning of Na"^  and C7NH2 near to the micellar surface and has 
very little contribution to the overall viscosity of the system. However, 
whatever difference in behavior is seen it is mainly due to the colon effect 
on hydrophobic interaction which can influence the micellar growth or 
viscosity. 
Chapter - V 
Viscometric studies on Sodium 
Dodecyl Sulfate - Salt-Hydrocarbon/ 
Aliphatic Alcohol Systems 
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Introduction 
The hydrophobic or amphiphilic organic additives get solubilized in 
a micellar aqueous solution due to the fact that the interior of the micelles 
acts as an environment in which the hydrophobic molecule can shelter its 
most hydrophobic part. The emerging picture is that molecules with polar 
groups are mainly solubilized near the surface of the micelle'^" with their 
polar group at the surface and that aliphatic hydrocarbons^''-^''^ are 
preferentially solubilized in the interior of micelles. 
Many experimental efforts have been made to locate a solubilizate 
within a micelle or related assemblies. ^ '^ •^ '^*""^  The location, distribution, 
and orientation of solubilized species in micelles are of fundamental 
importance in understanding the nature of solubilization and its 
consequences on the chemical and physical behavior of 
solutions.^ ^*'^ ^ '^^ ^* The location of solubilization of different additives in 
or around micelles can be correlated with micellar structural morphology. 
In the previous Chapter we have demonstrated that the presence of 
salts in ionic micellar solutions changed the expected solubilization sites 
of organic additives. In this regard it could be mentioned that presence of 
inorganic counterions caused the change of partitioning site of alcohols/ 
amines (so-called 'surface active additives' in Mukerjee's terminology^^^) 
from interfacial region to interior of the micelle.''^-^^^ On the other hand, 
presence of R4NBr salts have been found to change the partitioning of 
aromatic hydrocarbons from the interfacial region to the bulk aqueous 
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phase.^ '^* In all the above studies it was further shown that it is the 
interfacial partitioning of the organic additive which has major 
contribution towards micellar growth and to the resultant viscosity of the 
solution. Assuming that the variation in interfacial partitioning content 
(IPC) of the organic additive would influence micellar growth (or 
viscosity of the micellar solution), we can expect a change in viscosity 
behavior (and also solubilization site) on addition of hydrocarbons/ 
alcohols to anionic sodium dodecyl sulfate (SDS) micellar solutions in 
presence of R^NBr. In the present Chapter we demonstrate that indeed one 
can change the solubilization site even of aliphatic hydrocarbons from 
micellar interior to the interfacial region. In Chapter IV the viscometric 
studies were described with aliphatic amines. Before drawing any 
generalization, it is worthwhile to test these conjectures with more 
common organic additives such as alcohols and hydrocarbons. 
Results 
The relative viscosities (rj^ ) of 0.3 M SDS micellar solutions in 
presence of aliphatic and aromatic hydrocarbons and alcohols with or 
without 0.1 M R^NBr are given in Tables 5.1-5.3. Relevant plots are 
shown in Figs. 5.1-5.3.T]^ values with different additives at varying 
concentration of Bu^NBr are given in Tables 5.4-5.9 which are depicted 
graphically in Figs. 5.4-5.9. 
Discussion 
The viscosity data for 0.3 M SDS system in the presence of different 
R^NBr and organic additives can be used to explain the changes in 
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TABLE - 5.4 
Effect of addition of /t-hexane on the viscosity of 0.3 M SDS + x M 
tetra-n-butylammonium bromide at 30 **€. 
[hexane] 
(mol dm-3) 
0 
0.018 
0.020 
0.033 
0.037 
0.040 
0.056 
0.060 
0.070 
0.090 
0.120 
0.121 
0.128 
0.150 
0.160 
0.180 
0.200 
0.216 
0.220 
0.240 
0.300 
0.330 
0.480 
0.600 
x->0.0 
2.01 
-
-
2.01 
-
-
-
2.10 
2.11 
(turbid) 
0.10 
8.69 
8.05 
-
-
6.35 
-
5.88 
-
-
3.59 
-
-
2.45 
2.11 
(turbid) 
Hr 
0.15 
19.22 
-
21.38 
-
-
21.25 
-
22.09 
-
21.67 
-
15.73 
. 
-
-
-
-
5.95 
-
-
-
2.97 
(turbid) 
0.20 
13.78 
-
-
-
-
-
-
17.40 
18.77 
19.00 
-
. 
-
20.30 
18.90 
20.02 
-
18.90 
18.37 
13.46 
-
6.45 
3.76 
(turbid) 
0.30 
8.09 
-
-
-
-
8.98 
-
-
. 
10.48 
-
. 
. 
-
12.49 
-
-
. 
15.03 
(turbid) 
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TABLE - 5.5 
Effect of addition of n-heptane on tlie viscosity of 0.3 M SDS + x M 
tetra-zi-butylammonium bromide at 30 **€. 
[heptane] 
(mol dm*^) 
0 
0.020 
0.033 
0.035 
0.045 
0.060 
0.075 
0.080 
0.090 
0.110 
0.116 
0.121 
0.140 
0.166 
0.182 
0.191 
0.200 
0.348 
0.478 
0.510 
x->0.0 
2.02 
2.08 
2.10 
-
-
2.26 
(turbid) 
0.10 
8.69 
-
-
-
-
3.81 
-
2.50 
-
2.04 
-
-
2.03 
1.99 
2.07 
(turbid) 
Vr 
0.15 
19.22 
-
-
20.92 
-
20.88 
-
-
17.15 
-
-
13.68 
-
-
-
-
8.01 
2.50 
(turbid) 
0.20 
13.78 
-
-
-
17.06 
-
18.90 
-
18.67 
-
19.12 
-
• 
-
-
15.56 
-
-
6.22 
5.04 
(turbid) 
0.30 
8.09 
-
8.70 
-
10.29 
10.41 
-
-
11.59 
12.58 
-
-
15.18 
(turbid) 
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TABLE - 5.6 
Effect of addition of /i-octane on tlie viscosity of 0.3 M SDS + x M 
tetra-n-butylammonium bromide at 30 °C. 
[octane] 
(mol drtr^) 
0 
0.010 
0.026 
0.040 
0.045 
0.055 
0.060 
0.080 
0.090 
0.100 
0.124 
0.140 
0.160 
0.180 
0.216 
0.228 
0.300 . 
0.414 
x-»0.0 
2.02 
1.98 
2.04 
(turbid) 
Hr 
0.10 
8.69 
-
3.55 
2.56 
-
-
1.92 
-
1.91 
(turbid) 
0.2C 
13.78 
-
-
-
12.50 
-
-
-
-
8.60 
-
8.31 
-
4.48 
-
3.36 
(turbid) 
0.30 
8.09 
-
-
9.37 
-
9.50 
-
9.41 
-
-
9.44 
-
9.12 
-
8.48 
-
6.97 
5.24 
(turbid) 
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TABLE - 5.7 
Effect of addition of toluene on the viscosity of 0.3 M SDS + x M tetra-
/t-butylammonium bromide at 30 °C. 
[toluene] 
(mol drrr^) 
0 
0.015 
0.032 
0.045 
0.050 
0.056 
0.060 
0.090 
0.100 
0.110 
0.130 
0.150 
0.164 
0.200 
0.240 
0.270 
x->0.0 
2.04 
-
-
-
2.12 
-
-
-
2.25 
-
-
2.42 
-
2.57 
-
2.8S 
(turbid) 
^r 
0.10 
8.55 
-
-
-
33.85 
-
-
-
59.64 
-
-
57.04 
-
85.22 
83.60 
(turbid) 
0.20 
13.78 
-
18.74 
-
-
-
22.74 
25.07 
-
26.42 
26.80 
26.09 
23.60 
(turbid) 
0.30 
8.09 
9.38 
10.34 
11.37 
-
11.97 
(turbid) 
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TABLE - 5.8 
Effect of addition of n-heptanol on the viscosity of 0.3 M SDS + x M 
tetra-/i-butylammonium bromide at 30 °C. 
[heptanol] 
(mol dm-3) 
0 
0.015 
0.020 
0.024 
0.028 
0.033 
0.035 
0.060 
0.075 
0.090 
0.100 
0.110 
0.124 
0.130 
0.150 
0.158 
0.164 
0.182 
0.220 
0.255 
x->0.0 
2.04 
-
-
-
-
-
2.05 
-
-
-
-
2.36 
-
-
2.92 
-
-
4.93 
7.78 
12.54 
(turbid) 
^r 
0.10 
8.58 
-
-
-
-
25.79 
-
52.98 
-
88.24 
-
106.70 
-
106.92 
-
97.21 
62.23 
49.83 
(turbid) 
0.20 
13.78 
-
-
-
-
16.89 
-
19.64 
20.71 
-
24.53 
-
20.22 
(turbid) 
0.30 
8.09 
8.57 
7.29 
9.12 
9.35 
(turbid) 
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TABLE -5.9 
Effect of addition of n-octanol on the viscosity of 0.3 M SDS + x M 
tetra-zi-butylammonium bromide at 30 °C. 
[octanol] 
(mol dnrr^) 
0 
0.014 
0.020 
0.030 
0.033 
0.060 
0.070 
0.080 
0.090 
0.098 
0.100 
0.112 
0.120 
0.134 
x^O.O 
2.02 
-
-
-
2.09 
2.16 
-
-
2.38 
-
-
2.83 
(turbid) 
^r 
0.10 
8.50 
-
-
-
36.02 
94.72 
-
-
150.61 
-
167.73 
-
114.97 
67.79 
(turbid) 
0.20 
13.78 
17.96 
-
-
16.42 
25.17 
28.21 
25.22 
-
24.22 
(turbid) 
0.30 
8..09 
9.19 
9.62 
11.29 
(turbid) 
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0.0 
0.0 a02 O.OA 0.06 0.08 
[n-Heptane] (moldm-^) 
0.10 
Fig. 5.1. Relative viscosities (T]^) of 0.3 M SDS + 0.1 M R^NBr 
micellar solutions as a function of added «-heptane (up to the 
solubility limit indicated by dotted lines) at 30 °C : R = H (O) CH 
(A), C,H5 (D), «-C3H, («), n-C.U, (•) , n-C,U^, (9); 0 stands for no 
added salt. 
.03 
0.10 0.20 0.30 0.40 
[Toluene] ( moldm-3) 
0.50 
Fig. 5.2. Relative viscosities (T]^) of 0.3 M SDS + 0.1 M R^NBr 
micellar solutions as a function of added toluene (up to the solubility 
limit indicated by dotted lines) at 30 °C : R = H (O), CH3 (A), C^U^ 
(D), n-CjH^ (9), n-C^R^ (•), n-C^R^^ (0); © stands for no added salt. 
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0.0 
0.0 0.05 0.10 015 0.20 
Cl'Heptonol]] ( mol dm"^) 
0.25 
Fig. 5.3. Relative viscosities (T]^) of 0.3 M SDS + 0.1 M R^NBr 
micellar solutions as a function of added n-heptanol (up to the 
solubility limit indicated by dotted lines) ai 50 °C : R = H (O), CH3 
(A), C2H5 (D), /J-C3H7 (3), /7-C4H9 (•), w-CsHi, (0); 0 stands for no 
added salt. 
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0.0 0.20 0.A0 
Cn-Hexane]] ( m.oi dm-3) 
0.60 
Fig. 5.4. Relative viscosities (r]^ ) of 0.3 M SDS micellar solutions as a 
function of added «-hexane (up to the solubility limit indicated by 
dotted lines) at various fixed concentrations (x) of (w-C4Hc,)4NBr at 
30 °C: x = 0.0(©), 0.10 (•), 0.15(0), 0.20 (O), and 0.30 M (e). 
,06 
0.20 O.AO 
[n-Heptane] (mol dm-3) 
0.60 
Fig. 5.5. Relative viscosities (TJ )^ of 0.3 M SDS micellar solutions as a 
function of added «-heptane (up to the solubility limit indicated by 
dotted lines) at various fixed concentrations (x) of («-C4H9)4NBr at 
s e c : X = 0.0 (©), 0.10 (•), 0.15 (O), 0.20 (9), and 0.30 M (®). 
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0.10 0 2 0 0.30 
[;n-0ctQne3 {mol dm-3) 
Fig. 5.6. Relative viscosities (T]^ .) of 0.3 M SDS micellar solutions as a 
function of added «-octane (up to the solubility limit indicated by 
dotted lines) at various fixed concentrations (x) of («-C4HQ)4NBr at 
30°C :-x = 0.0 (©), 0.10 (•), 0.20 (9), and 0.30 M (9). 
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c 
0.10 0.20 
CToluene]] ( moldm-3) 
Fig. 5.7. Relative viscosities (T]^) of 0.3 M SDS micellar solutions as a 
function of added toluene (up to the solubility limit indicated by 
dotted lines) at various fixed concentrations (x) of («-C4Hg)4NBr at 
30 °C : X = 0.0 (6), 0.10 (•), 0.20 (»), and 0.30 M (8). 
09 
u 
C 
0.0 0.10 a2o 
D"HeptQnoQ (mol dm"3) 
Fig. 5.8. Relative viscosities (ri^) of 0.3 M SDS micellar solutions as a 
function of added w-heptanol (up to the solubility limit indicated by 
dotted lines) at various fixed concentrations (x) of (w-C^Hg)4NBr at 30 
°C : X = 0.0 (©), 0.10 (•), 0.20 (»), and 0.30 M (©). 
10 
5.0 h 
A.O 
u 
0.0 0.05 0.10 
Cl-OctonoG (moldm-3) 
Fig. 5.9. Relarive viscosities (n^) of 0-3 M SDS micellar solutions as a 
function of added «-octanol (up to the solubilit>' limit indicated by 
dotted lines) at various fixed concentrations (x) of (w-CjH9)4NBr at 30 
°C :x = 0.0(6), 0.10 (•) , 0.20 0 ) , and 0.30 M (©). 
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micellar structure which occur at varying [additive] and [R^NBr]. Before 
discussing changes in the nature of aggregates, let us first consider the 
possible changes when only R^NBr salts are present in the system 
followed by the established sites (from literature) of solubilization of 
various organic additives within/around the micelle. 
In earlier studies, micellar growth for SDS-R4NBr was explained in 
terms of charge neutralization and penetration of a few alkyl chains inside 
the micelle. ^ '*^ '^ *^  In a separate viscosity study it was observed that lower 
members of R4NBr series of salts behave like ordinary inorganic salts 
while higher members show some unusual behavior.^^'' In the present 
context, the alkyl chains of R^NBr (higher members) may get embedded 
between SDS monomers of the anionic micelle due to the hydrophobic 
effect. But the geometric constraints make it difficult, with the result of 
which two directions may be chosen for bending : one is toward the water 
phase, and the oth^ r^ penetrating toward the micellar interior.^^ In the 
latter case, the iceberg-like water structure ardund the penetrating alkyl 
chains will break down and will cause removal of water from the few 
carbon atoms of SDS monomers directly attached to the head groups.•'^ ^ 
The alkyl chains pointing towards bulk water phase may produce a 
hydrophobic region around micellar surface.•'^ ^ All these effects would 
influence the micellar morphology and hence the viscosity behavior in 
presence of organic additives. 
There may exist a number of solubilization sites for various 
additives as one moves towards the micellar interior from the surface 
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region. These sites may produce various polarity spheres and may 
accommodate additives according to their polarity (dielectric constants). 
Various models have been presented for the solubilization of different 
types of neutral molecules into the ionic surfactant aggregates.''^ ^•''^ ^•"^• '^*^ 
In these models the solubilization of additives have been treated in terms 
of two regions; the surface region (palisade layer) and the core region. 
Depending upon the polarity of the solubilizate it is preferentially 
solubilized in either of the two regions. General findings can be 
summarized as follows : (i) hydrophobic, non-polar molecules (e.g., 
aliphatic hydrocarbons) are solubilized mainly in the micellar interior, (ii) 
polar molecules such as alcohols are dissolved mainly in the surface 
region. Various experimental results have been discussed in the light of 
these facts.115.160.242.288,330.334.339.341,342 j ^ ^ viscositv data on 0.3 M SDS + 
R^NBr systems in presence of organic additives can now be discussed in 
the above context and possible changes in these established solubilization 
regions due to the presence of R4NBr will also be delineated. Three 
representatives («-heptane, toluene and n-heptanol) are chosen to see the 
effect followed by some alkyl chain length influence. 
Fig. 5.1 shows the relative viscosity (T]^ .) variation of 0.3 M SDS 
solutions (with or without 0.1 M R4NBr) upon addition cf «-heptane at 30 
°C. The viscosity remains almost constant when «-heptane was added 
gradually with or without 0.1 M R^NBr (upto R = n-CjRj). This result 
indicates that very little (or no change) occurs in the micellar association 
structure irrespective of 0.1 M salt (upto R = n-C^H^) - «-heptane 
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combinations either added individually or simultaneously. This is in 
agreement with the earlier findings obtained for similar systems.^ ''•2'* '^2'*^ 
We can see that even the initial viscosity of 0.3 M SDS + 0.1 M 
R^NBr (where R = n-C^U^ or w-CjH,,) becomes comparatively very high. 
This is possibly due to the fact that an abrupt micellar growth takes place 
with such salts as they possess large hydrophobic volume that increases 
the surfactant packing parameter which is a necessary condition to form 
cylindrical micelles.^ But here also the addition of «-heptane shows a 
sharp decrease in f]j. followed by a rather constancy in T}^ VS. [«-heptane] 
plots. This behavior demonstrates that initially present cylindrical 
micelles change their shape to spherical ones. This behavior is similar to 
that observed by Hoffmann and Ebert.^ ^^ For micelles to maintain 
spherical (or globular shape), some of the surfactant monomeric tails 
should be able to reach the micellar nucleus (center). Aliphatic 
hydrocarbons, generally thought to solubilize in* the micellar interior, relax 
the above precondition for a spherical micelle. At this stage the micelle 
may remain spherical for the radius which was earlier prohibitive. In this 
manner one can understand the viscosity trends observed in presence of 
the above salts. However, a noticeable point is that even the presence of 
higher R^NBr salts does not, in principle, change the 7]^  behavior with n-
heptane addition. May be the concentration of R^NBr is already sufficient 
to bring about a change in the solubilization site. To check this point, we 
increased the R^NBr (R = n-C^U^) concentration and studied further the 
effect of «-heptane addition : the relevant discussion will appear a little 
later (vide infra). 
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Fig. 5.2 shows the r]^ vs. [toluene] plots with different R^NBr salts. 
Perusal of the data shown in Figs. 5.1 and 5.2' makes it clear that lower 
R^NBr salts behave similarly with toluene as with n-heptane. However, 
the iij-pattems change with R > /1-C3H7 which indicate that the sites of 
solubilization are changing as the chain length (R) of the salt increases. 
This is possibly due to the fact that toluene could be considered slightly 
more polar than «-heptane and would have slightly less objection to go 
towards the interface. Also, presence of propyl chains of R^NBr salt 
would reduce the polarity near the interfacial region. These two factors 
would increase the IPC of toluene and would produce micellar growth as 
indeed observed in Fig. 5.2 that supports earlier propositions.^^^"^ This 
effect is more pronounced with R = n-C^Hg salt. In the light of the above 
discussion one can expect that with this salt the polarity of the interfacial 
region would further decrease due to larger alkyl part of the salt. This 
would then reduce the objections against interfacial partitioning of toluene 
and may increase its IPC. This IPC increase gives a steep rise in rj^ -
[toluene] plot which may be due to sharp micellar growth with this salt (R 
= «-C4Hg)-toluene combination. The low solubility of w-Am^NBr 
precludes collection of sufficient T]j.-data at the experimental temperature. 
However, r]j.-values were quite high indicating that micelles are quite large 
which is obvious in the light of larger hydrophobic volume of this sah and 
its effect on packing parameter of SDS.^ 
Fig. 5.3 illustrates the variation of T]^  with [«-heptanol] with or 
without 0.1 M R^NBr. Contrary to «-heptane or toluene, n-heptanol 
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shows a viscosity rise right from the beginning. This is because of 
different solubilization region {i.e., interfacial site) in the micelle for n-
heptanol. It was reported by SANS^^^ studies that volume of SDS micelle 
increases with the increase of longer chain alcohols which is due to 
increase in aggregation number as well as increase in alcohol molecules 
in the micelle. Such volume change in SDS micelle is expected here also 
and explains the viscosity rise in the systems shown in Fig. 5.3. It is 
interesting to see that with w-Bu4NBr (R = n-C^K^), the Figure shows a 
peculiar behavior of viscosity increase, followed by a level off region, and 
thereafter a slow decrease. As discussed earlier, few alkyl chains of this 
salt and the alkyl chain of «-heptanol would partition at similar 
solubilization site and which would be quickly saturated as w-heptanol 
content is increased. At higher n-heptanol content, the solubilization of 
additional n-heptanol will either be in micellar interior or in exterior of 
the micelle. Fig. 5.3 shows a constancy in viscosity with this salt (R = n-
C4H9) at fairly higher «-heptanol content. Due to the presence of -OH 
group, n-heptanol would prefer a surface region^ "*^  and its core 
solubilization can be safely ruled out. As the interfacial region is 
saturated with the alkyl chains of R^NBr (R = n-C4Hc,) and a part of n-
heptanol content, additional n-heptanol could be solubilized in the 
exterior of the micelles, where remaining chains of the tetraalkyl 
ammonium salt {vide supra) exist producing another temporary 
hydrophobic region around the micelle. This n-heptanol partitioning in the 
micellar exterior will not affect the micellar growth and the viscosity, 
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therefore, will remain constant. Similar reasons were given to explain the 
effect of similar additives on the viscosities of ionic micellar 
solutions.^ •'^ •^ '^^ '^ ^^ 
Figs. 5.4-5.6 show the interplay of [R^NBr] and [aliphatic 
hydroQarbons] («-hexane, «-heptane, «-octane) on the variation of T]^ of 
0.3 M SDS micellar solutions (R = n-C^Ug). From the previous 
discussions of Figs. 5.1 and 5,2 it is clear that hydrocarbons solubilized 
in the micellar interior provide less viscosity to 'the micellar solution while 
their interfacial solubilization increase the viscosity due to micellar 
growth. However, in the real situation (present case) for an aliphatic 
hydrocarbon, intramicellar partitioning at different sites (head group or 
interior regions) seems more important and content of the hydrocarbon at 
each site would decide whether micellar growth (due to elongation) or 
micellar swellenity (due to interior solubilization) will dominate towards 
the overall viscosity of solutions. In view of the above discussion the data 
shovwi in Figs. 5.4-5.6 are self explanatory. Upto 0.1 M salt concentration, 
all the aliphatic hydrocarbons behave similarly which can be understood 
in the context of predominance of micellar interior solubilization (change 
of grown to swollen spherical micelles). At > 0.15 M of R^NBr salt (R = 
n-C^Hg), viscosity patterns start changing which also show dependence on 
alkyl cliain length of the aliphatic hydrocarbon. With «-hexane, viscosity 
starts increasing at lower overall «-hexane content while, at higher [«-
hexane], usual viscosity decrease is observed. The former effect is even 
more pronounced at higher [salt] and viscosity decreasing region 
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diminishes which indicates that w-hexane is now predominantly 
solubilized at the interfacial region and the viscosity increase gives a 
signature of further micellar growth. This effect is comparatively less 
pronounced in case of w-heptane (Fig. 5.5) and is nearly absent with n-
octane (Fig. 5.6). This shows that with increase in chain length of the 
aliphatic hydrocarbon, the preference for interfacial solubilization is 
depleted at constant [salt]. The effect could be understood in the light of 
the fact that for equal interfacial volume available for each hydrocarbon, 
more number of n-hexane molecules would be solubilized at the interface 
due to its lower molar volume.^ '* The increased IPC for «-hexane would 
influence overall course of the micellar association structure variation. 
Fig. 5.7 shows the 7]^ vs. [toluene] curves for different [R^NBr] 
(R = n-CJi^) at fixed 0.3 M SDS. The overall patterns are similar to 
aliphatic hydrocarbon additions with the difference of complete 
disappearance of the viscosity decreasing region. In the light of previous 
discussion one can say that toluene has different solubilization sites than 
the aliphatic hydrocarbons which is not surprising in the context of its 
different nature. The viscosity behavior can be understood with the similar 
reasoning as put forth in earlier paragraphs. The predominant site of 
solubilization from viscosity results seems to be around the interfacial 
region.64.243,245 
Figs. 5.8 and 5.9 show r]^ vs. [n-alcohol] variation for different fixed 
concentrations of R^NBr (R = n-C^U^) in 0.3 M SDS micellar solutions 
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(case of n-heptanol or w-octanol). In the case of «-heptanol (Fig. 5.8), 
viscosity rise takes place even without salt which is due to micellar growth 
which occurs by interfacial partitioning of «-heptanol.^** Presence of salt (R = 
w-C^H )^ increases the viscosity due to synergistic effect of the salt and n-
heptanol. Further addition of the salt shows a flattening in t]^ vs, [n-
heptanol] plots. Additionally, at [salt] = 0.3 M, practically no change in 
the overall viscosity was observed by the addition of «-heptanol. This 
shows that the site of solubilization of «-heptanol is changed from the 
interfacial region. The nature of alcohol (presence of -OH group) and 
higher salt content permit us to say that the site of alcohol solubilization 
is changed to micellar exterior (supra vide). As discussed earlier, the 
exterior solubilization of an additive has no significant effect on the 
overall viscosity as well as on micellar growth. Fig. 5.9 shows similar 
viscosity trends with «-octanol with a difference in overall solubilization 
content, which is obviously due to higher hydrophobic volume and less 
polar nature of the alcohol. 
Based on the viscosity data, we make the following conclusions 
concerning hydrocarbon and alcohol additions in the SDS + R^NBr 
systems. For partitioning of an additive, this is its polarity which should 
be compatible with the major part of the volume of a micelle as it has 
different polarity segments which constitute the overall micelle. (It would 
not be out of context to mention here that Davies et al.^^'^ have recently 
been successful in discussing their kinetic data based on a multiple 
micellar pseudophase model in which, depending on their particular 
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amphiphilic properties, the reactants show various distributions of 
concentration with distance from the center of'the micelle.) The polarity 
of the whole micelle (particularly head group or interfacial region) can be 
tuned by the presence of few selected additives. In this respect, the names 
of salts,^ ^ '^^ ^^ aromatic hydrocarbons^ '^* and amphiphilic molecules^^ '^^ '*^ 
could be mentioned. There seems bigger advantage with R^NBr salts due 
to their ionic nature as well as higher hydrophobic volumes. In favorable 
situations (proper R-part and concentration), they can get solubilization 
sites of organic additives changed to interfacial region which otherwise 
are known to solubilize in the interior of micelles. Further, this study 
modifies the existing two region modeP'*° by providing another 
hydrophobic region around the micelle (micelle exterior). 
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